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ABSTRACT 
The aim of this project was to investigate the techniques for determining the residual stresses 
in WC-17Co thermal sprayed coatings and to study the effect of residual stress on abrasion 
resistance on different substrates. The choice of the substrate was due to their different 
coefficients of thermal expansion (aluminium, super-invar, 304L stainless steel, mild steel 
and brass). Coatings of about 200μm were successfully deposited on all the substrates. 
 
Coatings were deposited by a high velocity oxyl-fuel spraying system (HVOF), and 
characterized by evaluating the coating phases and wear resistance, and the residual stresses 
were determined via non-destructive methods. Investigations involved both as-sprayed and 
their annealed counterparts to ascertain the effect of heat treatment. 
 
Non-destructive determination of residual stresses in the WC-Co coated systems was 
exceptionally challenging in that the coatings were only 200 microns thick. The best suited 
techniques for investigation of WC were diffraction-based strain scanning using penetrating 
radiation such as thermal neutrons (most penetrating), high energy synchrotron X-rays (100 
keV enables 20 micron penetration) and laboratory X-rays (limited to 5 micron penetration). 
Laboratory X-rays (Necsa, using Co radiation), thermal neutrons (ANSTO, Australia) and X-
ray synchrotron (ESRF, France) were successfully employed to resolve the stress conditions. 
The neutron investigations enabled two approaches for the determination of the in-surface 
stresses, direct measurements (good results for the low neutron attenuation substrates), and 
indirect determination using stress balance conditions inferred from the through thickness 
depth profiles measured in the substrates (applicable to all the higher neutron attenuating 
substrates). Investigations were expanded to the study of the influence of annealing at 40% of 
the respective substrate melting temperatures. For each substrate, the through thickness stress 
profile differences between the grit-blasted reference material (final before the HVOF 
coating) and the grit-blast coated samples were used to determine the elastic contributions 
purely ascribed to the coating process. This required exceptional positional resolution neutron 
diffraction investigations (positional accuracies better than 0.01 mm). There were both small 
compressive and low tensile stresses on the as-sprayed coated samples. After annealing, the 
stresses became substantially more compressive. The near-surface trends of the grit-blasted 
substrates were completely relaxed after annealing, with thermal stresses being the dominant 
iv 
 
mechanism for residual stress induced due to the large difference in the coefficients of 
thermal expansion (CTE) between the WC coatings and the substrates. 
 
The three-body abrasive tests were carried out on the parent materials (substrate), grit blasted 
substrates, as-sprayed coatings and heat treated coatings. The contributions of each coating 
process were established. There was about 45-50% reduction in the wear of grit-blasted 
samples compared to the substrates, whilst 80-95% reduction in the wear of the coatings 
compared to substrates was found. The wear resistance is due to many different contributions, 
but there was a strong correlation between the residual stress and wear resistance of the 
coating. 
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CHAPTER ONE 
1.0 INTRODUCTION 
Hardmetals are very hard, wear resistant materials made by powder metallurgical techniques. 
Generally, they consist of fine carbide particles dispersed in a binder metal. They are used 
extensively in industry against different types of environmental load. This is due to the good 
mechanical, physical and chemical properties. The most commonly used hardmetals consist 
of tungsten carbide (WC) in a cobalt (Co) matrix, where the WC is the hard phase and 
promotes wear resistance and Co is the binder and adds some ductility. Cemented carbides, 
best known for their superior wear resistance, have a range of industrial uses which are 
diverse compared to other powder metallurgy products. Common uses include mining tools, 
metalworking tools, and wear resistant components. All these applications have one 
mechanical property in common: the ability to resist wear. 
 
Hardmetals are also used as coatings, and this retains the toughness of the substrate with the 
good wear resistance of the WC-Co coating. A commonly used method for coatings is 
thermal spraying. Thermal spray techniques are a collective term that embraces a group of 
coatings processes. In thermal spray coatings, micro-size metallic or nonmetallic surfacing 
materials are deposited in a molten or semi-molten condition onto a prepared grit-blasted 
substrate. The resulting coating imparts desired surface properties to the substrate while 
maintaining the substrate`s unique properties. 
 
Thermal spraying techniques started at the beginning of 1900 [1996Sie]. During that period 
until today, many different thermal spray systems have been developed. All are 
fundamentally based on the same principle [1996Sie]. A heat source liquefies the coating 
material (powder) and splashes it onto the surface of the workpiece (substrate) that has to be 
coated. Depending on the heat source (combustion flame or thermal plasma) temperatures 
from 100 to 10000 ºC can be reached. Velocities from 100 to 1000 m/s can be reached by the 
injected particles. This high kinetic energy leads to plastic deformation of the droplets at the 
surface to be coated, whilst shrinkage and fast cooling make the droplets clamp onto the 
surface profile. 
 
Thermally sprayed coatings based on tungsten carbide are widely used in industry. Many 
authors have conducted research on the different types of deposition methods, the effect of 
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powder morphology and spray parameters on microstructure evolution and coating properties 
[1996Jen, 1998Vil]. However, not all aspects are fully understood. Thermal spray coating 
technology is extensively used for the protection of components from abrasive, adhesive and 
erosion wear, and corrosion. As demand for engineering application increases, the 
requirements for composite coatings that protect the substrate is also increased [2010Rob]. In 
wear-resistant applications, the coated layer provides the resistance to wear, while the 
substrate supports the impact to which the system (coating and substrate) is subjected. 
Advances in thermal spraying make possible the replacement of bulk components in paper 
milling [2000Fri] or the replacement of chromium plating in aircraft manufacturing [2001Str, 
2001Nas], or automobile industry [1997Khe, 1998Cha], as well as the deposition of thermal 
sprayed coatings on critical parts in petroleum drilling [1993Kes].  
 
Residual stresses are self equilibrating internal stresses existing in a free body which has no 
external forces or constraints on its body [1982Mur]. During thermal spray manufacturing of 
layer composites, residual stresses are formed in coatings and substrates due to the different 
stages of the manufacturing process. The most important stress generating effects, which can 
superpose on each other are the following: 
 
 Substrate pre-treatment [1998Lug], 
 Solidification and shrinkage of spray particles [2006Wen], 
 Phase transformation during temperature changes [1991Kur], 
 Heat transfer between coating and substrate towards thermal equilibrium (which may 
be influenced by simultaneous surface cooling) [2001Wit], 
 Impulse transfer from impinging particles [2006Wen], and 
 Heat transfer to the environment during cooling of the composite to room 
temperature.  
 
This research aimed at investigating the techniques for determining the residual stresses in 
WC-Co thermal sprayed coatings and discussing their suitability for the evaluation of stresses 
in thermal sprayed coatings, as well as studying the effect of the stresses on the abrasion 
resistance of the coating. Four substrates, namely aluminum, brass, 304L stainless steel and 
super-invar for batch A (commercial samples) and five substrates for batch B (Samples 
procured from Good fellow, UK, which had mild steel in addition) were investigated. The 
samples were thermally sprayed with coating of 200µm thickness deposited on their 
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substrate. These materials were chosen to have a range of coefficients of thermal expansion 
in addition to being different to that of coating material. 
 
In this research, the feedstock powder was produced by sintering and spray-drying, 
characterized for size and size distribution, morphology and phase composition. Coatings 
were deposited by a high velocity oxy-fuel (HVOF) spraying system and characterized by 
evaluating the microstructures, phase composition, grain size, wear resistance and the 
residual stress determined via different non-destructive methods. 
 
1.1 MOTIVATION 
 Thermal sprayed WC-Co coatings help to protect the base material against different 
environmental conditions, e.g. abrasive wear, high temperature, chemically aggressive 
fluid, hot gas corrosion etc.[1995Paw]. 
 Residual stresses exert a large influence on coating and composite properties. They 
lead to crack formation or influence on coating`s hardness and adhesion strength 
[1999Sto]. 
 Since the formation of residual stresses cannot be avoided, they can be prevented/or 
reduced by using proper process parameters during coating manufacturing. 
 In order to obtain information about the characteristic generation of residual stresses 
for specific process conditions, the reliability of residual stress analysis methods is 
important. 
 The results from this project will assist the user of coatings in matching substrates and 
coatings and/or in deciding whether to change the deposition procedure to cater for 
any residual stresses. 
 
1.2 RESEARCH QUESTIONS 
 How can a systematic investigation of residual strains associated with thermally 
sprayed WC-Co coatings on metal substrates be achieved? 
 What are the microstructural characteristics of HVOF sprayed WC-Co coatings on 
metal substrates? 
 How can the effects of heat treatment on the abrasive wear of thermally sprayed WC-
Co coatings be determined? 
 What influence can residual stress have on the wear resistance of the coating? 
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1.3 HYPOTHESIS 
Coatings can be improved if the mechanism which leads to residual stresses, such as spraying 
techniques, substrate properties and cooling rate can be optimised. Therefore, the aim of this 
investigation was to compare residual stress profiles before and after heat-treatment, and 
relate these changes to the microstructural transformations after heat-treatment of relatively 
thin thermal spray cermet coatings, as well as the abrasion resistance of annealed coated 
samples. 
 
1.4 AIMS AND OBJECTIVES 
The main aim of this research work was to study the effect of residual stress on the abrasion 
resistance of thermal spray coatings. This was achieved through the following objectives: 
 
(1) Reviewing the present knowledge of the coating technology. 
(2)  Identification of the residual stress state in the coating and substrate. 
(3)  Analysis and comparison of the results obtained from the given coated substrate 
samples, and 
(4)   Assessment of the wear resistance of the material. 
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CHAPTER TWO 
2.0 LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter reviews the selected information on WC-Co and properties of the WC-Co 
thermally spray coatings. This chapter includes a brief survey of the effect of residual stress 
and the wear resistance of the WC-Co. The review on coatings highlights the current 
observations and understanding on the interaction of powder processing and coating 
deposition technologies on coating properties. 
 
2.2 WC-Co 
WC-Co, whether sintered or coatings, is a composite material consisting of grains of hard 
WC phase cemented together by a Co binder. Henry Moissan (1852-1907), a Nobel Laureate 
(1906), is best known as the inventor of the electric furnace and for his unsuccessful attempts 
to prepared artificial diamonds. It was in his laboratory at the School of Pharmacy at the 
University of Paris, that the two carbides of tungsten were discovered, namely W2C (1896) 
by Moissan himself and WC by Williams [1996Gur].  
Tungsten carbide-cobalt (WC-Co) based materials are extensively used in industry in their 
sintered, as well as thermally sprayed, forms for applications requiring abrasion, sliding, 
fretting, and erosion resistance [1981Sar, 1997Woo, 2001Gui]. The hard WC particles form 
the major wear resistance constituent of this material, while the cobalt binder provides 
toughness and support. Properties such as hardness, wear resistance, and strength are 
influenced primarily by the WC grain size and volume, also by varying the porosity and 
(often unintentionally) the carbide and binder phase composition. In the sintered material, the 
WC grains tend to touch one another and form a continuous “skeleton” of carbide, with a 
cobalt binder occupying the spaces between the carbide grains [1979Exn]. The properties can 
also be tailor-made for specific applications by changing the grain size of WC and the 
amount of binder [1970Gur]. 
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2.3 PHASE EQUILIBRA IN THE W-C-Co SYSTEM 
Tungsten combines with carbon to form hexagonally closed packed (hcp) carbides, namely 
WC and W2C (Figure. 2.1).  
 
Figure 2.1. Simplified equilibrium phase diagram for the binary W-C system [1988Sch]. 
 
The W2C phase also has other allotropic forms as can be seen in Figure 2. 2. WC contains 
6.13 wt% C and has a microhardness of about 2400kg/mm2, while W2C contains 3.16 wt% C 
and has a microhardness of about 3000kg/mm2, but is more brittle than WC [1988Sch]. Of 
the more commonly used metal carbides, only WC and Mo2C have an hcp crystal structure, 
while most of the others (e.g. TiC, TaC, NbC, and VC) are face-centred cubic (fcc). 
Nevertheless, the hcp WC lattice can transform to an fcc lattice by means of small atomic 
displacements [1966San, 1988Sch]. 
 
Figure 2.2. Partial equilibrium phase diagram for W-C, showing three allotropic forms of 
W2C, β, β/ and β//, with metastable γ, WC 1-X [1990Mas, 1992Bak]. 
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The wet ability of WC by most binder metals is better than that of the other carbides 
[1990Mas, 2008Vil]. This, along with its relative toughness, makes it the most widely used 
carbide for sintered hard metals. Cobalt is the most commonly used binder because the 
excellent carbide wetting improves the adhesion properties. Cobalt is hcp below 425oC and 
fcc above, but a significant amount of fcc phase is often retained in sintered WC-Co hard 
metals at room temperature [1966San, 1988Sch], as well as in coatings. Pure WC, in the 
absence of cobalt, does not melt under standard atmospheric conditions, but instead 
decomposes into a liquid phase and graphite above about 2780oC, as can be seen from the 
peritectic reaction phase diagram for the W-C system (Figure 2.2). 
The properties of sintered WC-Co composites are critically dependent on their final 
composition [1981Sar]. Slight deviations from the ideal carbon content allow the occurrence 
of either the eta ternary compound or graphite. Most of these phases are usually undesirable, 
and results in degradation of mechanical properties. Nagender [1991Nag] and Baker 
[1992Bak] reported that the W-C-Co ternary system has nine phases present at 1300˚C. These 
include   phases (Co6W6C, Co3W3C and (W2C), and the intermediate μ phase (Co7W6). 
These are typically found in the metallic matrix. However, the most common transformations 
in WC-Co coatings are WC↔W2C and WC-Co ↔ Co3W3C [2000Ste]. 
 
2.4 WC-Co THERMAL SPRAY COATINGS 
2.4.1 Introduction 
Thermal spray coatings are extensively used for the protection of components from abrasive, 
adhesive and erosion wear, and corrosion. As the demand for engineering applications 
increases, the requirements for composite coatings that protect the substrate, to retain the 
physical and chemical properties, and enhance the resistance of the substrate to wear and 
corrosion are increasing [2010Rob]. 
 
WC-Co coatings composed of hard ceramics particles embedded in a metallic binder have 
good tribological properties, due to their excellent adherence to the substrate, good cohesion, 
low porosity, high levels of retained WC during spraying, as well as good mechanical 
properties [1997Usm, 2001Gui, 2003Yan]. The main types of spray processes available are 
wire spraying, powder flame coating, D-gun coating (a form of high pressure/high velocity 
flame spraying), air plasma spraying (APS), controlled atmosphere plasma spraying (CAPS), 
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low pressure/vacuum plasma spraying (LPPS/VPS), and high velocity oxygen fuel (HVOF) 
coating [1995Paw]. HVOF spraying has been shown to be one of the best methods for 
depositing WC-Co powders, because of the higher velocity and lower temperatures 
experienced by the powder particles compared to other deposition methods, which result in 
less decomposition of the WC during spraying [1995Paw, 2003Yan]. However, even during 
HVOF spraying, the WC-Co powder has to be exposed to a high temperature flame jet for 
heating and acceleration. 
 
According to Luiz [1998Lui], when the coating sprayed by HVOF system (CDS of plasma 
Technik) and Plasma (VPS)  are compared in terms of wear resistance, it was discovered that 
the protection against wear is three times higher when the WC-Co is applied by the 
hypersonic process. Provot et al. [1993Pro] showed that HVOF (CDS) produced 
decarburizing effects inferior to those produced by plasma spraying (APS). Due to the high 
temperature involved the plasma process, some immediate phase changes happen, so the 
carbon (e.g. in WC-17%Co), can be oxidized and/or diffused into the matrix. However, 
HVOF operates at temperatures below air plasma spraying and the powder is kept in contact 
with the flame for a short time, so that the original characteristics of the WC are better 
retained, and consequently the microstructure is not melted and is more resistant to wear. 
 
The control of coating properties is complex because, as shown in Figure 2.3, the properties 
derive from an interaction of various factors. For each process, powders are needed. There 
are many kinds of commercially available powders which are usually produced by several 
different manufacturing methods including cast-crushed, sintered-crushed, agglomerated, 
aggregated and coated [1996Li, 2005Mac]. The process route determines the morphology and 
phase composition of the powder. The main variables for thermal spraying are powder 
particle size, powder morphology and size distribution and crystal structure. Depending 
mainly on the manufacturing method, the powder flow varies during spraying [1996Ber] and 
the spraying techniques determine the phases that occur in the coating [1955Gur, 1996Kha, 
1996Li, 1985Ara, 1989Dor]. 
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Figure 2.3. Relationship between powder properties, spraying technique and coating properties 
[2005Mac]. 
 
The structure of a thermally sprayed coatings is very sensitive to the structure of the starting 
powder and spraying techniques [1955Gur, 1996Li, 1998Vil], which also affect the 
performance of the coatings. Hence, knowledge of powder characteristics is important to help 
explain the resulting coatings. 
 
For tungsten carbide cobalt cemented alloys, the carbon content, cobalt and carbide grain size 
are the important factors which influence the mechanical performance and structure of 
cemented carbide material [1955Gur, 1996Li]. The decomposition of tungsten carbide 
depends greatly on powder type produced by different manufacturing methods [1985Vin, 
1989Ram, 1996Li]. Five representative types of WC-Co powders were selected by Li et al. 
[1996Li], to clarify the dependence of the structure of sprayed coatings on the structure of the 
initial powders. The WC-Co powders were sprayed with the Jet-Kote process of plasma 
spraying. The decomposition of tungsten carbide after passing through the flame depended 
greatly on the structure of the powder, in particular, the pre-existence of complex carbides 
CO3W3C and W2C. 
 
Thermal spraying techniques were invented by Schoop in the early 1900s after observing 
how lead cannon balls adhered to vertical surfaces after firing. The continuous detonation 
spray process was invented in 1958 by Union Carbide. However, it was Browning in 1983 
who first patented the high velocity oxygen fuel process [1983Bro]. Table 2.1 presents some 
highlights of different types of thermal spray techniques, which are based on the same 
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principle: all impacting both thermal and kinetic energy to the powder particles being 
sprayed, thus leading to plastic deformation of the droplets at the surface to be coated 
[1996Sie]. Each technique has a unique velocity/temperature combination, as a result, the 
coatings deposited by different techniques have different microstructures and phases, and so 
different responses to wear. HVOF processes are characterized by low flame temperatures 
and high particle velocities. HVOF-WC-Co coatings have been successfully used as internal 
sealing faces valves to overcome tribological and tribo-corrosion issues associated with 
leakage and jamming [1988Viv]. 
 
Table 2. 1. Thermal spray process comparison [2004Dav]. 
 
2.4.2 Microstructure of HVOF WC-Co 
The nature of the microstructure phases and their percentage in HVOF coatings depend 
mostly on the heat and mass transfer between the gas jet and the in-flight particles prior 
coating formation [2000Ste]. The nature and the stoichiometry of the fuel and the 
corresponding combustion gases are crucial operating conditions that tune the microstructure, 
and thus the coating properties [1986Has, 2010Sah]. The extent of the WC transformation 
depends on the starting powder (size, morphology, carbide size distribution), the amount of 
oxygen in the environment, and the spray parameters. 
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HVOF coatings have a low porosity due to high velocities during spraying [1983Bro, 
1996Li]. One of several sources of porosity is shadowing due to the angle of impingement of 
the spray stream. Shadowing is generally associated with coatings sprayed at 45º angle from 
the optimal normal angle of incidence [2005Cra]. Coating porosity decreases (i.e. density 
increases) as the angle of spraying approaches 90º (i.e. normal to the surface being coated). 
Porosity is an important coating feature that strongly influences coating properties. As with 
oxide inclusions, porosity can be a desirable characteristic. It is generally considered that 
porosity is undesirable. Porosity creates poor coating cohesion and allows for higher wear 
and corrosion rates, and is generally associated with a higher number of unmelted or 
resolidified particles that become trapped in the coating. Poor splat or particle cohesion leads 
to premature coating cracking, delamination, or spalling. For hardface or wear-resistant 
coatings, porosity lowers coating hardness and contributes to poor surface finishes, thus 
decreasing wear resistance. Porosity in wear coatings can also lead to the generation of 
coating fragments that break away and become abrasive cutting agents, increasing coating 
wear rates [2005Cra].  
 
Most researchers examined the coating microstructures in cross section using optical and/or 
scanning electron microscopy (SEM). The features were usually porosity, and sometimes the 
size and size distribution of the carbide phase. Some authors [1993Tom, 1996Kor] used 
Murakami`s reagent to reveal the other phases than WC and cobalt in the coating. The 
microstructures were also characterized by variations in grey level contrast of the binder 
phase in BSE micrographs, a result of variations in composition [2000Sta]. In backscattered 
electron (BSE) SEM images, the higher the tungsten content, the lighter the phase appears. 
due to the higher average atomic number of tungsten than carbon [1996Gui]. For example, 
WC appears lighter than cobalt, and W2C appears lighter than WC [1990Var]. The W2C and 
η phases also often have a characteristic dendritic morphology [1998Vil]. Powders are 
usually examined using XRD, TEM, SEM, and both surface morphology and cross sections 
can be characterized [1979Exn, 1996Li, 1998Vil]. 
 
2.4.3 Phase Compositions in WC-Co Coatings 
HVOF spraying of WC-Co powders produces phase changes, since spraying is done in the 
presence of oxygen [1986Has, 2010Sah]. Fewer or no phase changes occur when oxygen is 
replaced by air. Up to 50% of the WC-Co starting material is known to decompose and 
transform during spraying process [2010Rob]. The WC may decompose to W2C, or even to 
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metallic tungsten, and the decomposition products may dissolve into metallic cobalt to form 
an amorphous or nanostructured Co-W-C phase, or complex carbides such as Co3W3C, 
Co2W4C, Co6W6C and Co3W9C4.   
 
A decarburization mechanism that most likely occurs in thermal spraying process is 
[1989Dor, 1990Ner]:     
2WC + O2→ W2C + 2CO          Stage 1                                                                  Equation 2.1 
2W2C + O2 → 4W + 2CO         Stage 2                                                                   Equation 2.2 
2WC + O2→ 2W + 2CO    Stage 3                                                                   Equation 2.3 
Stage 3 only occurs only in the very high thermal energy spraying processes, including 
HVOF [1995Vuo]. Eta phases such as Co3W3C, Co2W4C, Co6W6C in the powders have been 
found to increase the amount of W2C in coatings [1996Kha, 1996Li], while W2C in powder 
favours stage 2, and leads to the occurrence of free W in coatings. 
 
The amorphous of the binder phase after spraying is thought to be caused by the dissolution 
of W and C and W2C in the binder [1996Li, 1998Vil]. The complex carbide binder evidently 
is more brittle than cobalt based binder, the lack of a pure metallic phase, such as cobalt in 
WC-Co coating, provides the coating with superior corrosion resistance against molten metal 
alloy baths [2012Cha2]. Tomi et al. [1993Tom] found that η-W3CO3C binder phase based 
exhibited excellent corrosion resistance against molten zinc in comparison with cobalt binder 
based WC-Co. However, when the WC-Co powder contains complex carbides, Co3W3C and 
Co6W6C, the M6C and M12C phases will be found in the coating, which make the phase 
constituents more complicated [1988Bar]. 
 
Another problem associated with the structure of WC-Co coatings is concerned with the 
cobalt related phases in the coating. The cobalt phase cannot easily be recognised by X-ray 
diffraction analysis [1996Li]. Instead, a broad shallow peak in the X-ray diffraction pattern is 
observed, due to variation in cobalt matrix composition [1989Ram]. 
 
The W2C accounts for a considerable amount of material in the Diamalloy 2003 WC-12%Co 
powder and is also found in the resulting deposits [1991Ner2]. This phase has a melting 
temperature of about 2860oC, whereas WC-Co has a melting temperature of about 2780oC 
[1991Bhu]. The melting of such high temperature phases as W2C is uncertain with HVOF 
and is reliant on the amount of powder entering the HVOF gun for combustion. The existence 
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of W2C (which might have remained unmelted during spraying) is detrimental to the coating 
and the component properties. 
 
2.5 COATING MICROHARDNESS 
It has been shown [1997Mil] that within the temperature range of 196 to 900oC, the hardness 
of WC 10 vol. % Co alloys decreased with increasing WC grain size according to:  
 
H = Ho + Ky d0.5…  [1951Hal]                                                                           Equation 2.4 
 
according to Hall-Petch type relationship [1951Hal], where H is the hardness, Ho is the 
intrinsic stress resisting dislocation motion, d is the mean WC grain size and Ky is the 
hardening coefficient. 
 
The hardness of thermal spray WC-Co coatings deposited by any deposition technique 
increases with increased retained WC [1995Vuo, 1996Kha, 2005Mac], and for lower porosity 
in the coating. As already noted, the amount of retained WC depends on the level of 
decarburization. Complete decarburization of WC to W reduced the amount of retained WC 
and lowers the hardness, while partial decarburization to W2C increased hardness [1991Ner1, 
1995Vuo]. It is reasonable that the hardness values increased with increasing W2C content in 
the coatings, because W2C (HV = 29.4 GPa) is harder than WC (HV = 23.5 GPa) [1985Vin]. 
Jacobs et al. [1999Jac] also reported that the hardness values increased largely with increased 
W2C in the coatings, and was much higher when the matrix phase of the coatings was 
Co6W6C instead of metallic cobalt. 
 
Yang et al. [2003Yan] determined the hardness values of a cross-sections of WC-12%Co 
coatings under loads of 1.96 N, 9.8 N and 49 N. At 1.96 N, the indentation was small and 
usually within a single splat containing no porosity. The hardness increased with decreasing 
carbide size, because of the higher degree of decomposition of WC in the finer coating, and 
the Hall-Petch relationship [1951Hal]. In contrast, when the load was 9.8 N or 49 N, hardness 
decreased with decreasing carbide sizes in the coatings. This is because the indentations 
included pores and several splats during measurement. However, porosity and splat cohesion 
may strongly influence the hardness values at higher loads. A higher porosity and weaker 
splat cohesion in the finer coatings may result in lower hardnesses under higher loads. 
14 
 
There are numerous factors that may affect the measured hardness of coatings, including the 
preferred orientation, grain size, porosity, residual stress and densification of coatings 
[1997Mil, 2010Rob], as well as the starting powder chemistry and coating process 
parameters.  
 
2.6 SURFACE PREPARATION AND MEASUREMENT 
Surfaces for thermal spraying have to be chemically and mechanically well-prepared for good 
adhesion [1988Wig, 1996Gri, 2009Cha]. Among the different possibilities for surface 
preparation, grit blasting is an efficient way to produce cost-effective and reproducible results 
[1995Var, 1996Sie]. 
 
Grit-blasting is a process in which angular shaped metallic or ceramic grits are carried by 
pressurised air stream and hurled against the surface of the material [2009Cha]. The sharp 
grits erode the surface and a rough surface suitable for thermal spraying is created. Common 
grits are alumina, silicon carbide and chilled iron grits. It is necessary to make the substrate 
rough before thermal spraying to generate sufficient surface roughness, which ensures 
mechanical anchorage between the coating and substrate [2000Sta]. Abrasive grit blasting, 
shown schematically in Figure 2.4, is used to clean and prepare metallic substrates. The grit is 
sucked into the nozzle, accelerated in a compressed air stream and sprayed onto the substrate 
surface. Where the surface is smooth, grit blasting increases surface roughness, but where the 
surface is coarse, grit blasting will make it smoother. 
 
Figure 2.4. Representation of abrasive grit blasting where: (1) nozzle; (2) suction chamber; 
(3) compressed-air inlet; (4) grit feeder; (5) abrasive grit; (6) hose [1995Paw]. 
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Surface roughness will be enhanced after grit-blasting the substrate material and this strongly 
influences the adhesion of the coating to the substrate. An increase in the roughness results in 
an increase in the adhesion. The influence of the blasting parameters, such as blasting 
duration, pressure and angle, on the coating bond strength or surface roughness has been 
tested [1974App, 1987Wig, 1995Paw]. 
 
The grits also undergo surface damage during blasting [1988Wig, 2009Cha]. The grits are 
brittle, and during collision with the substrate, the sharp edges of the grits are broken up. In 
addition, collisions occur between the impacting and ricocheting grits. With each collision, 
grits wear from the surface by microbrittle fracture [2009Cha]. 
 
Surface topography plays an important part in understanding the nature of coatings. No 
matter how finely finished, most rubbing surfaces in machinery are rough microscopically. 
As a result, the microtopography of a single surface and the nature of a contact between two 
surfaces are important to understand the nature of friction between the coating and substrate. 
The best parameter to optimise the grit-blasting is the roughness. The techniques for 
measuring the surface roughness value of grit blasted material and coatings can be divided 
into two board categories: contact types and non-contact types. On the microscopic scale of 
surface measurements, a contact type stylus profiler (SP) using electronic amplification is the 
most popular. In SP, the stylus is loaded on the surface to be measured, and then moved 
across the surface at a constant velocity to obtain surface height variation [1982Tho, 
1994Whi]. More recently, a non-contact optical profiler (NOP) [1984Wya, 1985Bhu, 
1986Wya, 1988Bhu, 1988Lan] based on the principle of two-beam optical interferometry 
was developed, and is now widely used in industry. 
 
On the ultramicroscopic scale of surface measurement, scanning tunnelling in microscopy 
(STM) and atomic force microscopy (AFM) give fine details of surfaces on a molecular 
scale. AFM can also be used for other measurements associated with forces, such as 
magnetism, electrostatic attraction, chemical attraction, adhesions, friction, wear and 
lubrication [1984Wya, 1995Bhu]. 
 
AFM was used to measure the surface roughness of coated substrates [1995Poo]. Roughness 
can be characterized by many parameters, such as Ra (equivalent to average roughness (AA) 
or central-line average (CLA) or Rmax. Ra describes the overall quality of polishing, while 
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Rmax is useful in describing a polished surface with no valleys or holes. It is commonly 
observed that the roughness parameters of engineering surfaces change with scan size, which 
is due to increased wavelength features that are included as the scan size is increased 
[1978Say]. Thus, in practice, the scan size should be related to the bandwidth covered by the 
normal contact width of the physical surface involved.  
 
2.7 RESIDUAL STRESS 
A stress state which exists in the bulk of a material without application of an external load 
(including gravity) or other source of stress, such as thermal gradient, is called a residual or 
internal stress [1987Noy]. All residual stress systems are self-equilibrating; the resultant force 
and the moment which they produce must be zero. Generally, three main kinds of residual 
stress can be distinguished, according to the distance or range over which they can be 
observed. The first kind of residual stress, Type I, is macroscopic, long-range, and extends 
over at least several grains of the material [2013Kra]. The second kind, Type II, often called 
residual microstress, covers one grain or part of grain, while the third kind, Type III, is very 
short range, over several atomic distances with the grain, and is equilibrated over a small part 
of the grain. It results from plastic deformation. 
 
Stress is an extrinsic property, and must be calculated from a direct measurable property such 
as strain, or force and area [1987Noy]. The available methods of residual stress measurement 
may be classified into two groups: those that calculate stress from strain, assuming linear 
elasticity, and those that monitor other nonlinear properties. The residual stress state that 
develops in a deposit depends largely on the thermal conditions to which system has been 
subjected, and is a combination of quenching stresses that arise during deposition and cooling 
stresses post-deposition (Figure 2.5). 
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Figure 2.5. Origins of residual stress during coating processes [2011Azi]. 
 
2.7.1 Residual Stress Development in Formed Components 
In the HVOF thermal spraying system, individual molten or semi-molten particles impinge 
on a substrate or pre-existing molten material at a speed of up to 850 m/s [1990Kow]. Despite 
their low mass, the effect of particles striking a surface at this speed causes certain 
deformations to the pre-existing material (substrate and particles already on the surface) 
[1982Zuk]. The impingement of each particle causes a stress field which depends upon the 
solid state of this pre-existing material. 
 
In addition to the mechanical effect of impact, temperature effects are also relevant in stress 
development [2002God, 2007Ahm, 2009Mar]. These include the effects of both local and 
global temperature changes. Each particle is heated in the combustion chamber of the HVOF 
gun, and projected towards the substrate or die as a liquid. On impacting the substrate, it 
forms lamellae that cool down to their melting range and solidify, as shown in Figures 2.6 
and 2.7. The combustion temperature approaches 3000oC [1989Met], but using forced 
cooling, the spraying temperature at the substrate for WC-Co is ~500oC [1999Sto]. 
Therefore, the temperature decrease experienced by the particle is very large. This leads to 
the formation of quenching stresses in the individual lamella, formed from the particles. 
These stresses are only alleviated by the introduction of micro-cracks in the material, or 
debonding from the substrate. 
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Figure 2.6. Schematic representation of the thermal spray process, listing the primary variables that 
influence the quality of thermal spray coatings [2004Dav].  
 
 
Figure 2.7. Schematic representation of the HVOF thermal spray process [2009Kam]. 
 
The single pass of a Diamond Jet HVOF gun produces a thickness of about 30 µm of 
deposited material, and five or six lamellae may exist at such depths [1995Paw]. As the 
lamellae solidify, they contract, but are constrained by each other and the substrate, thus 
generating high tensile stresses in the individual lamellae as shown in Figure 2.8. This tensile 
quenching stress in the lamellar is unavoidable, and may be estimated by the expression for 
thermal stress. Some authors have also emphasised the effect of the release of kinetic energy 
and associated it with peening stresses [1996Cly]. Quenching stresses were suggested to be 
dominant in processes where the particles are completely molten in the spray gun, as in APS 
[1998Kur2]. The particles spread upon impact, but the contraction during cooling and 
solidification is constrained by the underlying material and tensile stresses are generated 
inside each sprayed particle.  
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Figure 2.8. Schematic representation of the formation of a thermal spray coating, showing the 
coating is built up as droplets of semi-molten powder are flattened onto the substrate by the force of 
impact, with typical features: splat-like structure, pores, partially melted or unmelted powder particles 
and oxidised particles [1999Sto, 2004Dav]. 
 
Conversely, peening stresses may be generated in the surface layers where partially fused 
particles impact at high velocity onto the substrate. [1998Kur1, 1998Kur2]. The surface of 
the target is plastically deformed, inducing a significant level of compressive stresses which 
are cumulative with the previous quenching stresses. The magnitude of such quenching 
stresses implies that several relaxation mechanisms are activated [1981McP, 1987Gru, 
1989Fau]. These can include plastic yielding, creep, microcracking and interfacial sliding 
[1995Kur]. Neither the degree of relaxation nor the local stress value are accessible to 
experimental measurement, but the effects of the quenching stresses were observed by 
monitoring the curvature induced in relatively thin substrate-deposit pairs [1990Kur, 1990Gil, 
1991Kur1, 1991Kur2, 1994Gil]. The results showed that the residual stresses were 10-100 
MPa and were insensitive to the substrate material and the spraying conditions, as long as the 
coating thickness exceeded 10μm [1990Kur], although they were affected by the substrate 
temperature, especially when metallic materials were sprayed [1995Kur, 1998Mat]. 
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A second kind of stress arises during cooling, particularly after spraying. Some experiments 
have shown decreases in the curvature of specimens or even an inversion of form [1990Kur, 
1990Gil]. Since they occur during cooling to room temperature, these stresses were named 
cooling stresses [1991Kur2]. They are attributed to the mismatch of thermal expansion 
between coating and substrate materials [1998Kur2], and can be either tensile or compressive 
[1990Tak, 1991Kur1]. Thermal mismatch strains between coating and substrate generated 
later during the cooling to room temperature can be accommodated in the coating flaws, 
porosities or microcracks, and only a limited zone will be affected in the interface with the 
substrate. Cooling stress affects coatings with a very dense structure, inducing a through 
thickness residual stress gradient. For such coatings, the residual stress state at the top surface 
can change from tensile to compressive as the temperature increases, due to different 
proportions of the quenching and thermal mismatch components [1998Mat].  
 
In HVOF sprayed coatings, surface preparation played a crucial role in stress formation of the 
coating. Generally, a grit-blasted surface is under compressive stress [2009Cha]. Mellali et al. 
[1997Mel] used the curvature method to measure the compressive residual stress on a grit-
blasted surface. He found that stress increased with blasting pressure and grit size. The effect 
of blasting process parameters on substrate surface residual stress was studied using a 
statistically designed experiment [2009Cha]. For this purpose, the Barkhausen noise analysis 
(BNA) of the blasted surface was measured. He reported that on grit-blasting, the surface 
undergoes work hardening. The compressive residual stress on the surface and subsurface 
hardness increases with blasting pressure and blasting angle. 
 
The final overall stress at the coating surface can be obtained by adding the quenching stress 
result to the cooling stress. Verbeek [1998Ver] recognised three stages in the formation of 
residual stresses in plasma sprayed coatings. The first stage concerned solidification of the 
particles. The second stage involved heating of the substrate during the cooling process, 
caused by the heat transport from the coating to the substrate. This resulted in expansion of 
the substrate, causing tensile stress in the already deposited parts of the coating. Next to this, 
the newly deposited layers solidified on the substrate. The third stage concerned the stresses 
caused by cooling down of the substrate and the coating together, after the coating process 
had been completed. Whether the cooling stress in the coating was tensile or compressive 
depended upon the relative values of the expansion coefficients of substrate and coating. If, 
as the temperature decreased, the coating contracted more than the substrate (αc > αs), a tensile 
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stress was generated in the coating, where αc = coefficient of thermal expansion of the 
coating, and αs = coefficient of thermal expansion of the substrate.  This sometimes led to 
adhesion loss and cracking of the coating or formed material [1995Ito]. If the coefficients of 
thermal expansion were equal, no cooling stress developed. However, if the coating 
contracted by a smaller amount than the substrate (αc < αs), the resulting cooling stress was 
compressive [1995Ito]. 
 
The cooling stress is superposed upon the tensile quenching stress of the coating. The nature 
of the overall residual stress is determined by the following criteria [2000Sto]: 
 
 αc < αs  stresses in the coating may be either tensile or compressive, 
 αc > αs stresses in the coating are tensile, and 
 αc = αs stresses in the coating are tensile. 
 
The possibility of either tensile or compressive stress when αc < αs, arises because tensile 
stress remains in the deposited material if the compressive cooling stress is less than the 
tensile quenching stress. However, if the cooling stress is greater, then the resultant is 
compressive. The implication is that high tensile quenching stresses can be negated by the 
compressive cooling stresses, through appropriate selection of the deposited material and 
substrate. 
 
2.7.2 Residual Stresses of WC-Co coatings 
WC-Co is a composite with WC as the major phase and Co as a binder which is more ductile. 
The stress determined by various techniques focussed on the WC phase in the coating. The 
measured values of the WC stress is the sum of all contributions, e.g., coating macrostress, 
bulk microstress, and surface treatment/condition, and surface relaxation effects very close to 
the surface. Thus, the macrostress in the coating cannot be presumed to be due only to the 
WC stress [Kra2013]. Theoretical models and experimental observations showed that thermal 
residual stress was compressive in the WC particles and tensile in the Co [1965Gur, 1989Kra, 
1990Maj, 1990Seo, 1995Lav, 1996Mar]. Many researchers have determined the residual 
stress of as-sprayed WC-Co thermal spray coatings employing different techniques. 
Researchers working with a WC-12Co coating deposited on a stainless substrate reported 
tensile stresses of 259 MPa and 37 MPa (i.e. principal stress values) which were determined 
by X-ray diffraction measurements [1997Ahm]. Pina et al. [2003Pin] also evaluated the 
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residual stresses of a HVOF WC-12Co coating by the same technique, employing the sin2ψ 
method and reported tensile stresses of 165 MPa. Wang et al. [2004Wan] also with X-ray 
diffraction, reported a similar value of 112 MPa. Stokes and Looney [2004Sto] determined 
the residual stresses in WC-Co coatings by an analytical method similar to that of Clyne et al. 
[1996Cly], and reported tensile surface stresses of 82 MPa and 15 MPa for coatings of 
thicknesses of 200 and 600 μm, respectively. However, the measurements conducted on the 
surface of coatings by X-ray diffraction, and hole drilling indicated tensile residual stresses of 
63 MPa and 60 MPa, respectively. The residual stress changed from tensile on the surface to 
compressive at the coating-substrate interface [2005Voo]. Pejryd et al. [1995Pej] determined 
the residual stress profile of different WC-Co coatings deposited by HVOF employing a 
modified layer removal method, and also found that the residual stress changed from 
compressive at the surface, to tensile at the substrate. 
 
In general, the magnitude and orientation of residual stress depend not only on the technique 
and deposition parameters, but also on the method employed for deposition, which can also 
have different phases, resulting in residual stresses as volume changes due to thermal 
expansion.  
 
2.7.3 Measurement of Residual Stress 
Residual stress in thermally sprayed coatings may be measured by many techniques, which 
may be categorised into two methods: 
 
(1) Destructive method e.g. hole drilling techniques and layer removal (surface grinding, 
electropolish, etching, etc.),  
(2) Non-destructive method which includes: 
      ► XRD residual stress techniques,  
      ► Synchrotron X-ray stress techniques, 
      ► Neutron diffraction method. 
 
In the present research, non destructive methods were used to determine the residual stress in 
the coatings i.e. XRD, synchrotron and neutron diffraction. 
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2.7.4 X-Ray Residual Stress Measurement 
The application of XRD stress measurement to practical engineering problems began in the 
early 1950s. The advent of X-ray diffractometers and the development of the plane-stress 
residual stress model allowed its successful application to hardened steel [1952Ogi, 
1959Koi]. By the late 1970s, XRD residual stress measurement was routinely applied in 
aerospace and nuclear applications involving fatigue and stress corrosion cracking of nickel 
and titanium alloys, as well as aluminium and steels. Today, it is applicable to materials that 
are crystalline, relatively fine grained, and produce diffraction for any orientation of the 
sample surface. Samples may be metallic or ceramic, provided a diffraction peak of suitable 
intensity and free of inference from neighbouring peaks can be produced in the high back-
reflection region with the radiations available. X-ray diffraction residual stress measurement 
is unique in that macroscopic residual stresses can be determined non-destructively, but the 
limitation is that X-ray penetration is extremely shallow (<3 µm into WC) [1987Noy]. It is 
used to analyse a surface layer whose thickness depends both on the sample material and the 
incident beam wavelength. Usually, this thickness is not high enough to cover the entire 
thickness of the thermally sprayed coating. Nevertheless, this hindrance can be an advantage 
for studying possible stress gradients in the cross section by using suitable surface removal 
methods or different wavelengths. The technique has been extensively applied to the study of 
thermally sprayed coatings [1987Ric, 1999Pin]. It gives reliable results of the final residual 
stress state of the material [1991Kur1, 1994Gre]. 
 
Obtaining stress-free interplanar spacings can be problematic. In cemented carbide with WC 
as the carbide, the WC is a reliable reference phase because it remains stoichiometric and 
does dissolve the solute in solution. However, the metal binder does take W and C into 
solution during sintering, so that the starting binder cannot be used as a stress-free reference 
[2013Kra]. For applied stress (in situ) measurements, changes in binder stress can be readily 
measured relative to the starting-unstressed value regardless of any uptake of W or C. In-situ 
measurements are simpler with respect to stress-free reference values, because the strains are 
derived relative to the initial values of the interplanar spacings, regardless of the residual 
stress state [2013Kra]. 
 
High temperature measurement may be particularly problematic as compositional changes 
can occur, in which case the initial values of d-spacings are no longer meaningful. Creep or 
other time-dependent changes with temperature (e.g. phase changes, precipitation, 
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composition) are problematic with respect to the direct measurement of the change in the 
binder phase [2009Mar]. 
 
The problem with using X-rays to study thermal residual stresses in cemented carbides is the 
high absorption by W. It leads to shallow beam penetration and the inability to properly 
measure the bulk, i.e. volumetric stress state. It takes 4.8 mm of W to absorb half the intensity 
of a thermal neutron beam and 2.1 μm for Cu X-rays. This illustrates the difficulty of using 
X-rays to study heavy elements, which is a problem with synchrotron radiation. Clyne et al. 
[1996Cly] highlighted some difficulties in using X-ray measurements to determine the 
coating stress, including: 
(1) Limitation of the range of , since large values would require the incidence X-ray beam to 
penetrate appreciable thicknesses of coating and/or substrate. 
(2) The penetration depth of X-ray diffraction is proportional to the surface roughness of as-
sprayed coating only, as well as 
(3) Error from variation in stress levels. 
 
An attempt to explore these factors by successive layer-removal techniques [1991Kin] was 
inconclusive, since such removal itself changes the stress distribution, even if it can be 
effected without inducing any deformation or damage in the underlying material. 
 
However, the greater penetration of neutrons offers several advantages: 
(1) Surface effects, such as deformation due to grinding or polishing, or oxidation are 
avoided; 
(2) X-rays are largely confined to the relaxation region near the surface for microstresses, 
whereas this is not an issue for neutrons; 
(3) Complete rotation of the sample is achieved, giving more thorough sampling. 
 
It is apparent from the above that diffraction and the sampling capacity of neutrons offer an 
improved measurement of the micro- and macro- behaviour of cemented carbides. However, 
the quantification and roles of micro-scale plasticity behaviour in these carbides also 
benefited from the application of microstructural finite element modelling (FEM). This 
technique allows independent assessment of both elastic and plastic strain components 
developing during thermal and mechanical loading. Such modelling would enable both 
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prediction of macroscopic response and interpretation/validation of diffraction results 
[1996Wei, 2013Kra]. 
 
Probably the most informative method of residual stress evaluation, for thermally sprayed 
coatings, involves measuring the curvature of the substrate/deposit couple. Curvature can be 
measured by a variety of contacting and non contacting techniques [1996Cly]. In general, 
curvatures down to about 0.1 m-1 (10m radius) are easy to measure, whereas much lower 
values require more care and specialized equipment. However, while curvatures can be easily 
measured, the interpretation in terms of stress state is a more complex task. This is partly 
because the curvature adopted by a system with a given stress state is unique and predictable, 
but a given curvature does not correspond to a unique stress state. However, it is possible to 
infer a stress distribution from a curvature, provided certain boundary conditions are assumed 
[1996Cly]. 
 
2.7.5 Principles of X-ray diffraction residual stress measurement 
Residual stress magnitudes are determined through measurement of changes in the material 
lattice spacing, d-spacing, due to the presence of a stress. Based on the knowledge of the non-
stressed lattice spacing, any stresses present in the sample or material can be calculated using 
the established sin2ψ equation from Noyan [1987Noy]. In this method, a colliminated X-ray 
beam of wavelength similarly to the interplanar spacing is focussed onto a specimen and the 
number of X-rays diffracted is counted as the angle between the X-ray detector and X-ray 
tube is varied [URLRes]. This allows a plot of diffracted intensity versus 2Theta to be 
achieved. From these peaks, the lattice spacing, which varies from stressed to non-stressed 
material can be determined using the Bragg equation. Figure 2.9 indicates the impinging and 
diffracted X-ray beam on a magnified level. The angle ψ is the angle between the surface 
normal and the bisector of the incident and diffracted X-ray beam. It is also the normal 
between the diffracted lattice planes and the sample’s surface. Figure 2.9a) shows the sample 
orientated so that the diffracting lattice planes are parallel to the surface. The compressive 
stress observed would not affect this lattice spacing, as they are acting parallel to the 
diffracting lattice planes. The sample has been rotated through a known angle ψ in Figure 
2.9b). The presence of compressive stress causes the lattice spacing to be smaller than in the 
non-stressed state, which can be measured through determination of the shift in the diffracted 
intensity peaks. Once the shift is measured for at least two orientations of y (the rotation of 
axis), then the lattice spacing, and hence residual stresses, can be resolved. 
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Figure 2.9. Sample and laboratory coordinate systems [URLRes]: a) ψ =0 and b) ψ=ψi 
(sample is rotated through some known angle ψi), where D = X-ray detector, S = X-ray 
source, and N = Surface normal. 
 
Using the Bragg equation: 
 
nλ= 2dsinθ                                                                                                    Equation 2.5 
 
where λ = wavelength (nm), n = constant, θ = Diffraction angle (2 Theta in º). 
 
The strain is obtained as the change in d-spacings between crystallographic planes and is 
given by: 
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This predicts a linear variation of strain or interplanar spacing variation with sin2ψ so that 
stress  can be obtained from the slope of a plot of strain vs Sin2ψ. The geometry for the 
biaxial stress is shown in Figure 2.9. 
where  is the stress component along the S  direction in the plane, and is given by: 
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dφψ  = spacing in the direction defined by φ and ψ (m); 
 = Poisson ratio and E = Young’s modulus (Pa), 
σφ  = Surface stress defined by the angle φ (Pa) 
A graph of vs sin2ψ is plotted with the stress value determined from the slope 
[1987Noy]. This approach is called the sin2ψ technique. 
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The slope m, is given by: 
 
m = (1+)/E .σφ.dο                                                                                            Equation 2.8
 
 
The parameters – v /E and (1+ v )/E are generally known as S1 and 1/2S2 respectively, and are 
referred to as the X-ray elastic constants. A linear behavior of vs sin2ψ is predicted by 
Equation 2.6 [1987Noy]. 
 
2.7.6 Sources of Error 
Since XRD residual stress determination requires precision in the measurement of the angular 
position of diffraction peaks of the order of 1 part in 105, many sources of error must be 
controlled. The sources of error of primary importance may be placed on the following 
categories: sample dependent errors, instrumental and position errors, effect of sample 
geometry and X-ray elastic constant. 
 
Sample dependent errors: The preparation of the sample surface depends on the nature of the 
residual stresses to be determined. If the stresses of interest are produced by surface 
treatments such as machining, grinding, or shot peening, the residual stress distribution is 
usually limited to less than 500 μm below the sample surface [1996Pre]. Therefore, the 
sample surface must be carefully protected from secondary abrasion, corrosion, or etching. 
Samples should be oiled to prevent corrosion and packed to protect the surface during 
handling. If the stresses of interest are those produced by carburizing or heat treatment, it 
may be advisable to electropolish the surface of the sample, which may have undergone 
finish grinding or sand blasting after heat treatment. Thus, state of sample surface plays a 
crucial role in determined stress on the material. 
 
Instrumental and position error: The principal sources of error in X-ray diffraction residual 
stress measurement are related to the high precision with which the diffraction-peak position 
must be located [1996Pre]. Instrumental alignment requires coincidence of the θ and ψ axes 
of rotation and positioning of the sample such that the diffracting volume is centered on these 
coincident axes. If a focusing diffractometer is used, the receiving slit must move along a true 
radial line centred on the axes of rotation. All these features of alignment can be checked 
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readily using a stress-free powder sample. If the diffraction apparatus is properly aligned for 
residual stress measurement, a loosely compacted powder sample producing diffraction at 
approximately the Bragg angle to be used for residual stress measurement should indicate not 
more than ±14 MPa apparent stress. Alignment and positioning errors result in systematic 
additive error in residual stress measurement. 
 
Effect of sample geometry: Excessive sample surface roughness or pitting, curvature of the 
surface within the irradiated area, or interference of the sample geometry with the diffracted 
X-ray beam can result in systematic errors similar to sample displacement [1996Pre]. Coarse 
grain size, often encountered in as-cast materials, can lessen the number of crystals 
contributing to the peaks which become asymmetrical, resulting in random errors in the 
diffraction-peak location and hence residual stress measurement. Residual stress generally 
cannot be measured reliably using X-ray diffraction in samples with coarse grain sizes. 
 
X-ray elastic constant: A major source of potential systematic proportion error arises in 
determination of X-ray elastic constants (E/1+ v )(hkl) [1996Pre]. The residual stress measured 
is proportional to the value of the X-ray elastic constants, which may differ by as much as 
40% from the bulk value, due to elastic anisotropy. The X-ray elastic constant must be 
determined empirically by loading a sample of the material to known stress levels and 
measuring the change in the lattice spacing as a function of applied stress and ψ tilt. 
 
2.7.7 Neutron Diffraction 
The use of neutrons for the study of residual stresses in composite materials is 
complementary to the use of X-rays [1985All, 1986Coh, 1987Noy, 1990Kra]. The 
advantages are derived from the greater penetration depth of neutrons in most engineering 
materials as compared to X-ray of around 0.2mm down to bulk measurements of up to 250 
mm in aluminium or 37mm in steel [1975Bac]. This makes surface penetration less critical, 
enabling the study of systems containing heavy elements and/or large diameter fibres or 
particles, and allows the ψ =900 orientation to be easily reached using transmission geometry 
and the ψ-goniometer configuration. Neutrons also provide bulk volume averages that enable 
sampling of entire cross sections of tension/compression test specimens for example. Thus, 
neutrons are well-suited to the study of the inherently volumetric microstress states found in 
composites. Furthermore, subsurface macro- or micro-stress gradients may be separated, but 
the approach followed only gave microstress. In neutron stress analysis, in order to obtain 
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strain values which are representative of the bulk, the domains of the different constituents 
have to be small compared to the penetration depth, if the material is composed of fibres or 
grains which are several microns thick or even larger, X-ray results will be strongly affected 
by surface effects, whereas neutron results are not. For the investigation of grain interaction 
stresses, the large penetration depths of neutrons may be helpful, because they allow the 
determination d vs sin2ψ distributions up to sin2ψ =1, i.e. in-plain strain components can be 
mesured directly. 
 
2.7.8 Biaxial state condition for neutron diffraction 
In order to determine the stress state at a certain position in the substrate or deposit, strain 
values for both normal and in-plane directions has to be determined, and always from the 
same sample volume element [1986Coh, 1987Noy, 2004Kel, 2005Hut]. For the investigated 
thermal sprayed deposits, the spraying angle perpendicular to the substrate surface suggested 
isotropy within the surface plane of the deposits. With most specimen/symmetry conditions 
and thickness of coatings, an in-plane biaxial stress state is assumed. Also, the normal 
component of stress (through thickness direction) in any thin coating has to be zero 
(boundary condition). The basic equations governing the biaxial stress condition in neutron 
measurement can be expressed as [1987Noy, 2004Kel]: 
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where  = in-plane stress component and  = normal stress component, 
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  and  = lattice plane in the normal and parallel direction to the coated, respectively, 
  and  = strain component respectively in the normal and parallel directions,  
hkl = Miller indices of the Bragg reflection used, 
S1 and S2 = X-ray elastic constants, and 
 = unstressed lattice spacing of crystallographic planes described by Miller indexes hkl. 
 
2.7.9 Synchrotron Radiation XRD 
The control of the residual stress is a primary issue in the coating industry. Both the 
deposition process and the service conditions may produce a residual stress, which may be 
particularly critical in applications where a large mismatch exists between structural, thermal 
and mechanical properties of layer and substrate. 
 
XRD is known to be a valuable technique to measure residual strain in a non-destructive way 
[1987Noy]. However, the shallow penetration of X-rays and the need for suitable diffraction 
geometry for careful control of several possible error sources limits the applications of this 
technique. Errors may be especially relevant when studying low stress levels. In addition, as 
traditional XRD methods involve the measurement of high angle reflections, it may be 
necessary to use different wavelengths to study different materials or polyphasic components. 
Therefore, the use of synchrotron X-rays may help to overcome some of these limitations. 
Even though it was designed for high resolution power diffraction, the parallel beam 
geometry is perfectly suited to the X-ray Residual Stress Analysis (XRSA), being almost 
unaffected by the typical errors arising from sample positioning and roughness.  
 
Synchrotron radiation is produced by the acceleration of electrons or positrons. Electron are 
accelerated to near the speed of light (energies of up to 7 GeV at the advance photon source 
(APS).). They are then injected into storage ring where they are steered by 1097 magnet in a 
vacuum. The positrons are guided by magnets that bend them and can also wiggle. 
The principal advantages offered by synchrotron XRD are essentially [1987Noy]:  
 
►Exceptional high fluence 
The high X-ray flux permits detection of even very weak reflections that frequently occur 
when studying thin films,  
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►An appropriate wavelength may be selected in a wide range, by simply charging the 
angle of the Si double crystal monochromatic radiation, but a white beam of X-ray 
energies were used for this investigation  
►The goniometer geometry gives a narrow instrumental profile, even at high 2θ angles, 
which is the angular region where data for XRSA are collected.  
 
There are two basic approaches to stress determination: modelling and measurement. The 
model, analytical or numerical [1990Els, 1990Tak], can provide a valuable insight to the 
coating build-up and trace certain phenomena that may not be observable a posteriori. 
However, their general applicability is limited, due to the complex nature of the process and 
imprecise knowledge of the constituent’s properties. The use of modelling has two primary 
purpose: To evaluate whether a proposed measurement is feasible; To design such a 
measurement. It is especially the coating property variation with processing parameters that 
underlines the importance of experimental methods [1996Per, 1998Maj]. The experimental 
methods of residual stress determination that are commonly applied to thermally sprayed 
coatings were shown in Table 2.2 [2004Osm]. 
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Table 2. 2. Comparison of the residual stress measurement techniques [2004Osm]. 
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2.8 WEAR RESISTANCE 
An extensive economic benefit could be achieved by reducing the loss of material from the 
action of wear [1986Han, 1989Von], because abrasive wear reactions account for more than 
50% - 60% of the total of all wear forms. Thermal spray coatings have shown favourable 
properties to protect substrate surfaces.  
 
Wear resistance of powder materials and coatings depends to a large extent on structural 
peculiarities (heterogeneity of the composite structure, porosity of materials, state of stress of 
surface etc.) and qualitative properties (hardness, toughness). Abrasive wear of materials 
depends on testing conditions: properties of abrasive (hardness, particle size and shape), wear 
parameters (impact velocity, impact angles) and other testing conditions (temperature, testing 
media etc.) [2005Kul]. Many different researchers [1974Blo2, 1989Kul, 1994Res, 1996Kal, 
1997Res] have demonstrated that conventionally-manufactured hardmetals and similar 
coatings of different types and compositions behave differently under the conditions of 
abrasive wear. In wear-resistance applications, the coated layer provides the wear resistance, 
while the substrates support any impact to which the component (coating and substrate) is 
subjected. 
 
HVOF processes were developed primarily for protective coatings against severe abrasive 
wear. They are commonly used to spray wear resistant WC coatings of high quality and 
density. The abrasion resistance is also better for coatings having high inter-splat bond 
strengths [1987Noy, 1990Ner, 1995Vuo]. The inter-splat bond strength for HVOF spray 
processes is high because the high powder particle velocities produce high impact energy 
when the semi-molten powder particles strike the substrate surface [1990Var]. Kim et al. 
[1994Kim] reported that wear mechanisms in abrasion are influenced by the inter-splat bond 
strength. Low bond strength coatings wear by a process of splat delamination, due to the 
formation of subsurface micro-cracks. On the other hand, high bond strength coatings wear 
by selective removal of the binder followed by the removal of carbide grains [1994Kim], 
much the same way as observed in bulk cemented carbide. 
 
2.8.1 Types of Wear 
There are four main types of wear, besides a few marginal processes that are often classified 
under these forms of wear. Each wear process obeys its own laws, and to confuse matters, on 
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many occasions wear of different types is combined. It is then difficult to disentangle a 
complex situation and to find the primary cause of the wear. The major types of the wear are: 
 
(1)   Abrasive wear, 
(2)   Adhesive wear, 
(3)   Fretting, and 
(4)   Erosion. 
 
This research evaluated some abrasive wear mechanisms. 
 
2.8.2 Three-Body Abrasion 
WC-Co coatings work particularly well in abrasive conditions [1974Blo2, 2000Vil]. It works 
for both in two-body abrasive wear, where wear is caused by hard protuberances of the 
counterface, and three-body abrasive wear is that caused by the hard particles that are free to 
roll and slide between two surfaces, acting as interfacial elements. The most commonly used 
three-body abrasion test ASTM G65 and its variations has as the third body a standard rubber 
wheel rotating against the surface being abraded. This test is usually referred to as the Dry 
Sand Wheel (DSRW) test and is shown schematically in Figure 2.10. 
 
 
Figure 2.10. Schematic diagram of ASTM-G65 wear test machine [2010Mab]. 
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2.8.3 Abrasion Wear Mechanism of Sintered WC-Co Alloys 
Abrasive wear occurs when a rough hard surface, or soft surface containing hard particles, 
slides on a softer surface and ploughs a series of grooves [1992Hut]. The material from the 
grooves is displaced in the form of wear particles, which are generally loosened and lost. 
 
Abrasive wear of WC-Co hardmetals has been extensively examined in the last decades with 
a particular focus on the determination of the abrasion wear resistance [2007Kra]. With the 
conventional WC-Co material, the wear resistance of WC-Co coating increased with 
decreasing of carbide particle size [1995Gur, 1995Ste, 1996Li, 2004Li]. This trend has been 
observed using standard test methods utilizing high loads and coarse abrasives a few hundred 
micrometers in size [1955Gur, 1996Li, 1998Kre, 2001Ska].  
 
Microstructure and wear performance of WC cermet coatings can be influenced by many 
factors, including spray processing methods, spray parameters and structure of feedstock 
[1989Ram, 1996Li, 1996Ka1, 1998Kre]. Nevertheless, as demonstrated by several recent 
researchers [1998Vil, 2007Kra], ultrafine grades may demonstrate higher wear rates in 
comparison with the conventional micron grades. Thus, the rate of material removal by 
ploughing observed for the ultrafine grades may be higher than for the preferable binder 
removal following by WC grains pull-out, studied for the micron-scale grade [2007Kra]. 
 
A WC-Co component is said to be wearing in the “hard abrasive regime” when the abrasive 
particles are harder than the WC phase in the abrading component, while a “soft abrasive 
regime” occurs in the converse case [1992Hut, 2007Kra]. In the “hard abrasive regime”, the 
harder abrasives cause mass loss of both the WC and Co phases. Grooves form on the 
abrading surface and material loss is by plastic deformation [1986Lar]. The scale of each 
removal event is dependent on the size of the abrading particles, which are generally one or 
more orders of magnitude greater than the WC grain size. In the “soft abrasive regime”, the 
abrading particles cause mass loss via a process in which first the binder is lost, followed by 
the loss of WC grains. The loss of the binder phase, which leaves surface depressions and 
faceted pits [1974Blo1], is an extrusion process caused by repeated loading of adjacent 
carbide grains by frictional shear stresses [1978Lar, 1986Lar]. The preferential loss of the 
binder phase changes the properties of the surface compared to the bulk, and depending on 
the application, pre-disposes the component to secondary processes, e.g. cracking in case of 
rotary WC-Co drill bits used for mining [1974Blo1]. 
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The influence of hardness on the abrasive wear is not decisive alone, and the relationship 
between hardness and erosion resistance of hardmetals differs substantially from the linear 
relationship found for metals. At the same level of hardness, the wear resistance of WC-Co 
hardmetals may differ by up to 50% [2007Kim]. At the same time, an increase in hardness 
does not always result in an increased of wear resistance due to its spraying distance.  
 
The tribological behaviour of different sprayed coatings compared with the bulk sintered 
WC-Co is complicated by the inhomogeneous microstructure and the phase transformations 
of the starting material, which lead to a wide variation in mechanical properties [2010Rob]. 
Up to 50% of the WC-Co starting material is known to decompose and transform during the 
spraying process. The effect of these phase transformations has been shown by Stewart et al. 
[1998Ste] to be generally deleterious to the abrasive wear performance of HVOF WC-Co 
coatings. The transformations also contribute to the scatter in tribological properties, and 
therefore testing of these coatings at relevant service conditions is advisable in order to 
determine the range of wear rates, friction, and damage mechanism present for particular 
coatings under consideration for specific applications. 
 
Wayne et al. [1990Way] suggested that cobalt extrusion, followed by carbide removal, or 
carbide fracture, is the dominating wear mechanism. According to Larsen-Basse and co-
workers [1979Lar, 1985Lar], this mechanism acts mainly in the mild wear regime for 
sintered carbides, since the hard phases (WC, W2C) yield only a small displacement from the 
normal and tangential stress applied by the abrasive particles. Thus, deformation mainly 
occurs in the soft and ductile matrix, so that it is forced to protrude outside the surface of the 
material by the compressive stress of the abrasive particles, due to poor deformability of the 
hard phases. After the removal of the soft matrix, macrocracking or detachment of the hard 
phase occurs when the support and compressive loading of the matrix are no longer present. 
A similar explanation was made by Yan et al. [2003Yan], after the examination of the sliding 
wear behaviour of HVOF-sprayed WC-12%Co coatings. Based on their results, they 
proposed that when two surfaces are brought into sliding contact at the beginning, the soft 
ductile cobalt matrix between WC particles undergoes severe deformation. The deformed 
cobalt is extruded by the compressive stress of the protruding asperities of alumina. 
Microcracking and/or pull-out of WC particles then occurs when there is no longer support of 
the matrix, leading to the original formation of the wear debris. 
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The tribological performance (abrasion, sliding wear and erosion) of thermal spray coatings 
depends on numerous properties such as coating composition, nature of phases and their 
distribution, microstructure, porosity and residual stress [2010Rob]. All these properties, in 
turn, affect the hardness of the coating, which is conventionally used as the primary 
correlating parameter for evaluating wear resistance. Another factor that strongly influences 
the tribological performance of HVOF WC-Co coatings is adhesion of the coating to the 
substrate [2000Ste]. This is largely influenced by the pre-spraying surface preparation, which 
normally requires grit blasting to roughen the surface to allow mechanical interlocking of the 
initial splats, with grossly textured shot blasted surfaces with re-entrant features to enhance 
coating bonding. The strength of the coating-substrate interface can be compromised by 
embedment of any grit remnant prior to deposition. The grit particles act as stress raisers and 
encourage interfacial crack propagation and delamination of the coatings when stresses 
induced by tribological contacts are large enough to act at the interface. Thus, care in the 
substrate preparation is paramount to good coating performance. 
 
Wang et al. [2004Wan2] reported that, in order to achieve a nanostructure WC-Co coating 
with superior wear resistance, it is important that spray parameters should be optimized to 
obtain appropriate flame temperatures, velocities and chemistries during the HVOF spraying 
process. They investigated the effect of flame conditions on abrasive wear performance of 
HVOF sprayed nanostructured WC-12Co coatings, and found that the decarburization of WC 
particles in spraying and bonding among WC particles in the nanostructured coating 
significantly affected the wear performance. Examination of the worn surfaces of the 
nanostructured coatings revealed that the dominant wear mechanism was spalling from the 
interface of WC-Co splats when the spray particles experienced limited melting under the 
oxygen/fuel flow ratio 1:20. While the melting state of the spray particles improved under the 
oxygen/fuel flow ratio of 16, the dominant wear mechanism was plastic deformation and 
ploughing of the matrix and spalling of WC particles from the matrix. 
 
2.8.4 Hardness of Abrasive material 
The abrasion rate depends on material hardness, or more precisely, on the material 
hardness/abrasive hardness ratio (Hm/Ha) [1992Hut, 2005Kul]. If the material hardness is 
lower than abrasive hardness, microcutting of the surface may take place. If material hardness 
is higher than abrasive hardness (Hm>Ha), clear removal of the material usually does not take 
place, and the entire process has the nature of fatigue. The hardness of coatings must be 
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maximum, and higher than that of the abrasive, depending on the erosion conditions to 
guarantee high abrasion-erosion wear resistance at small impact angles [2005Kul]. 
 
2.9 HEAT TREATMENT OF WC-Co 
The HVOF deposited coatings contain low porosity and low oxide content [1992Ner]. To 
improve the density and homogeneity of sprayed coatings, post-spray treatments, such as 
laser remelting, shot peening, HIP or furnace treatment have been used. Mathew et al. 
[2009Mat] reported that the as-sprayed coatings were in a metastable state, therefore when 
they were exposed to elevated temperature, microstructural and compositional 
transformations could occur. The most probable changes are the precipitation of fine carbides 
or possibly oxide, accompanied by recrystallisation of the matrix and pore and void 
reduction. Post-treatment of thermal spray coatings has been shown to refine the 
microstructure, e.g. by eliminating porosity and microcracks, and to promote beneficial phase 
transformations and metallurgical bonding within the coating microstructure [1994Kho, 
1997Gho]. It has been reported by several researchers [1975Tay, 1994Kho, 1998Ste] that 
heat treatment could beneficially modify any WC-Co deposit. Nerz et al. [1991Ner2] showed 
that there was an exothermic reaction in the WC-Co coatings at the approximately 860oC, 
which did not occur in the powder. This might be related to recrystallisation of the 
amorphous matrix into eta phase carbides [1991Ner2]. Richert et al. [2011Ric] studied the 
effect of annealing on the microstructure of HVOF deposited coatings, and found that 
homogenization of the microstructure occurred. After annealing WC-Co coatings at 500oC, 
voids and pores almost completely disappeared. 
 
Heat treatment probably causes changes in the coatings` properties, in particular 
microhardness [1975Tay]. Richet et al. [2011Ric] showed that annealing increased the 
microhardness of the HVOF WC-Co coating. After annealing at 500˚C and 24 h, the average 
microhardness was 1488 HV0.2, which compared to the initial state (1240HV0.2), was an 
increase of about 20%. This probably resulted from the reduced porosity, as well as formation 
of eta phase after heat treatment. However, Stewart et al. [1998Ste] reported decreased 
hardness after heat treatment above 700oC, which was probably due to the gross cracking of 
the sample dominating any residual stress effects. Recrystallisation of the amorphous binder 
above 700oC also alters the hardness of the sample. 
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Heat treatment significantly improved the wear performance of WC-Co coatings [1990Len, 
1990Ito, 1998Ste]. Nerz et al. [1991Ner2] showed increased abrasive wear resistance after 
heat treatment of HVOF sprayed WC-Co coatings at 900oC, but concluded that this was due 
to the increased carbide content, as the amorphous binder recrystallised to form eta phase. 
Heat treatment of the coatings significantly improved the erosion resistance under high 
velocity impact conditions which had improved the inter-splat cohesion [2009Mat]. It also 
caused microcracking in the WC-Co coating, due to different coefficients of thermal 
expansion. Therefore, microcraking and reduction in residual stresses in the coating were 
seen as beneficial in promoting abrasive wear resistance of the coating. However, large scale 
cracking of the coating, caused by high-temperature heat treatment at 1100oC, lead to 
preferential wear within the coating, while low-temperature treatment of 250oC gave 
significantly increased coating abrasive wear resistance [1998Ste]. 
 
The XRD patterns of the coatings after heat treatment showed a decrease in the amount of the 
WC, which could be due to the dissolution of tungsten carbide in cobalt and formation of eta 
phase [1998Ste]. Heat treatment at 800oC and 950oC caused no significant phase 
transformations. on the other hand, high temperature heat treatment (1100oC) completely 
transformed the amorphous phases to crystalline eta phases [2006Kha]. 
 
The studies relating to the relative changes in the residual stress profile due to post treatment 
have been limited. This is due to the fact that although experimental techniques such as 
change in curvature, deep hole drilling have all long been applied to measure the residual 
stress profiles in thermal spray coatings, the methodology of these measurements makes them 
destructive for the WC cermet coatings [2007Ahm]. However, due to the difficulties in 
depositing the coating, little work was found on non-destructive techniques. The influence of 
vacuum heat treatment on the residual stress of thermal spray cermet coatings via neutron and 
X-ray diffraction was studied by Ahmed et al. [2007Ahm]. The neutron diffraction results 
indicated that the stress in coating materials was compressive, with an average of -553 MPa 
for the as-sprayed and -492 MP for the heat-treated coating, which was mainly due to the 
higher value of the coefficient of thermal expansion of the substrate material.  
 
The residual stress value in the substrate was therefore tensile in the as-sprayed coatings, 
whereas it varied from compressive to tensile within the substrate of the heat-treated coating. 
The X-ray diffraction measurements results indicated compressive stress values, with an 
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average of -785 ± 40 MPa for the as-sprayed coatings and -815 ± 60 MPa for heat-treated 
coatings. Lenling et al. [1990Len] reported that post heat treatment of WC based coatings 
increased the compressive residual stress of the coatings, whereas Stewart et al. [1998Ste] 
showed that heat treatment at all examined temperatures reduced the residual stress of the 
coating. Notwithstanding compressive stresses generally being beneficial, substantially large 
compressive residual stress in the thermal spray coatings can be detrimental since they can 
lead to delamination due to spalling. On the whole, residual stress is one of the major 
problems in thermal spray layers, especially in thick coatings. The effect of heat treatment on 
the state of the stresses in WC-Co HVOF coatings was studied by Khameneh et al. 
[2004Kha] by using XRD, the compressive residual stress of a WC-17Co coating decreased 
after heat treatment. Stewart et al. [1998Ste] showed that heat treatment caused changes in 
the residual stress state of the coating and its integrity, because of the thermal expansion 
mismatch between the coating and substrate. Heat treatment caused reduction in the residual 
tensile stress of the coating by cracking in the coating, which could be useful in wear 
resistance of the coating. 
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CHAPTER THREE 
3.0 EXPERIMENTAL PROCEDURE 
3.1 Introduction 
This chapter describes the materials, methodology and equipment employed in this research. 
The methodology is divided into three parts:  
 
 Characterization of the powders used for the coating,  
 Deposition of coatings, and 
 Characterization and testing of the coatings. 
 
3.2 Materials 
The samples used for this work were produced in two batches, A and B (Table 3.1), with the 
substrate properties listed in Table 3.2. The differences between A and B are the latter being 
fine grained with minimal texture differences to allow better comparison with diffraction 
experiments. Batch A samples were commercial samples of thickness 9 mm, whilst the set B 
samples of thickness 6 mm was procured from Goodfellow, UK, with mild steel samples 
(SABS 1431 grade 300WA) in addition. The choice of the substrate was to give a wide range 
of coefficients of thermal expansion, and the different thicknesses were selected because one 
was used industrially (Batch A), whereas the other was smaller. This would allow the effect 
of thickness to be ascertained. 
 
For the aluminium alloy, a 2xxx series was used, which is alloyed with copper, and is used in 
aerospace. It is normally used because of its high strength and good to excellent 
machinability, although the corrosion resistance is poor. It is relatively strong and it is the 
only aluminium alloy group that significantly naturally ages. This reduces ductility over time, 
as well as abrasion resistance [1996Sta]. Whilst the annealing temperature for the aluminium 
alloy would have been suitable for most low-alloyed aluminium alloys, it was actually below 
that normally used for this alloy, and would have allowed some precipitation which 
subsequently affected the wear resistance. It is usually annealed at 450C for 2 hours. 
 
Super-invar alloy has been the metal of choice for low expansion applications for years, 
because it has a near-zero coefficient of thermal expansion, over a limited temperature range. 
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It is easily formed, deep drawn, fabricated, tough and adhesive, but not hard or abrasive 
[2003Kir].  
 
Brass is any alloy of copper and zinc, the proportion of zinc and copper can be varied, to 
create a range of brasses with varying properties. The malleability and acoustic properties of 
brass made it the metal of choice for brass musical instruments. The relatively low melting 
point of brass (depending on composition), and its flow characteristics, make it a relatively 
easy material to cast [1986Die]. 
 
Mild steel is a very common structural material that is often coated to improve its corrosion 
resistance. It is the most versatile, least expensive and widely used engineering material, 
which has found extensive application in various industries. It is used in large tonnage in 
marine application, nuclear power and aerospace [1971Uhl]. 
 
Stainless steels have high strength grades with good combinations of strength, fatigue 
resistance, and ease of forming and joining [1999Bed]. They have excellent corrosion 
resistance in oxidising acid media. Other good properties include easy maintenance, high 
ductility and high work hardening rate [2002Net]. 
 
The aluminium and brass alloys were chosen in order to find the effect of stress relaxation on 
the substrates, since their melting points are low. Conversely, the substrates with high melting 
points, 304L stainless steel, Super-invar and mild steel, were selected to derive the effect of 
stress relaxation on the coating. The sample size and measurement positions used for the 
strain analysis during X-ray analysis are shown in Figure 3.1. 
 
Table 3.1. Substrate thickness. 
Batch Substrate Thickness (mm) 
A 
Aluminum 2xxx alloy 
304L stainless steel 
Brass (Cu63/Zn37) 
Super-invar (Fe64/Ni36) 
9 
B 
Aluminum 2xxx alloy 
304L stainless steel 
Brass (Cu63/Zn37) 
Super-invar (Fe64/Ni36) 
Mild steel (SABS 1431 grade 300WA) 
6 
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Figure 3.1. Sample geometry and measurement positions for the strain analyses. 
 
Table 3.2. Physical properties of the substrates [URLCoe, URLMel]. 
Substrate Melting point (˚C) Specific heat 
capacity (J/g ˚C) 
Coefficients of 
thermal expansion 
[10-6/K] 
Aluminium alloy 660 0.900 23 
Brass 930 0.380 19 
304L stainless steel 1365 0.460 17.3 
Super-invar 1454 0.123 1.2 
Mild steel 1500 0.620 11 
 
3.3 Powder 
The powder used for depositing coatings was supplied by H.C. Starck, Germany. It was 
produced by spray drying and sintering. Table 3.3 gives the nominal composition in weight 
and equivalent volume fractions. The powder particle size was given by the manufacturer as 
ranging between 15 and 45 microns. This is similar to the powder reported by Macho 
[2005Mac]. 
 
Table 3.3. Powder composition. 
Powder Nominal composition (wt %) Equivalent volume fraction       
(vol.%) 
WC-17Co 83WC-17Co 73WC-27Co 
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3.4 Powder characterization 
The powder was characterised in the as-received state to determine its morphology and 
elemental composition. Chemical characterization of the powder was done using XRD, and 
scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDX). 
 
A Bruker AXS D-8 Advanced Diffractometer with cobalt radiation, and set at 20 mA and 40 
kV, was used to determine the phase compositions of the powder. The surface was analysed 
in the as-deposited condition, without any metallographic preparation. 
 
3.5 Coating procedure 
Coatings were done on large plates that were cut into smaller sections for the respective 
investigations. The surface of the substrate was machined, grit blasted using 24 μm alumina 
grit before deposition. Coating deposition was carried out under industrial conditions using a 
High Velocity Oxyl Flame (HVOF) JP5000 thermal spraying system. Coatings of about 
200μm thickness were deposited on all the substrates (batches A and B). Deposition 
parameters were the same on all the coated samples, using spray parameters optimised for 
WC-Co powder and are shown in Table 3.4. Thus similar to the parameters reported by 
Luyckx [2007luy]. 
 
Coatings were deposited for three sets of test:  
(1) Residual stresses ( XRD, Synchrotron and Neutron) investigation, 
(2) Abrasion wear test,  
(3) Heat-treatment test. The dimensions sizes of the substrate used for different test are given 
in Table 3.5. 
 
Table 3.4. Parameters used for thermal spraying. 
Parameter Setting used for all the coatings 
Gun barrel 102 mm 
Spraying distance 380 mm 
Kerosene flow rate 0.0227 m3/h 
Oxygen flow rate 56.6 m3/h 
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Table 3.5. Sample dimensions used for the analysis. 
Test Substrate 
dimension for 
batch A (mm) 
Thickness (mm) Substrate 
dimension for 
batch B (mm) 
Thickness (mm) 
Dry abrasion 75 x 25 9 75 x 25 6 
X-ray 
diffraction 
75 x 25 9 25 x 25 6 
Synchrotron Not measured - 25 x 25 6 
Neutron Not measured - 25 x 25 6 
Coating 
characterization 
12 x10 9 12 x 10 6 
 
3.6 Coating characterization 
For microstructural analysis, coatings of about 200μm thickness were deposited on substrates 
of 12 x 10mm in size (Table 3.5) cut from the larger samples of 100 x 100mm. The cross-
sectional sections of the coatings were prepared by mounting samples, in a chuck device, 
where they could be polished using sequentially finer grades of SiC abrasive paper: 120, 320, 
400, 600, 800, and 1200 (microns). They were then polished with a cloth sequentially using 
fines diamond paste: 6 μm, 3 μm and 1 μm. The polished samples cross-sectional surface 
were characterized by optical microscopy using a Zeiss Axiotech reflected light microscope, 
scanning electron microscopy (SEM) on a FEI Quanta 200 equipped with a 3D backscatter 
electron imaging (BSE) attachment and an atomic force microscope (AFM) using a Veeco 
Dimension 3100. This enabled study of the to study microstructural features and coating 
characteristics. 
 
X-ray diffraction (XRD) patterns were obtained using a Bruker AXS D8 Advance 
Diffractometer with Cu-Kα radiation at 20 mA under a voltage of 40 kV. The specimens 
were scanned with a scanning speed of 2˚/min in 2θ range of 25-140˚ and the intensities were 
recorded. The diffractometer interfaced Bruker DIFFRAC PLUS and EVA software enabled 
qualitative chemical phase identification based on the d-spacings and intensities on the 
diffraction pattern with the aid of JCPDS data cards [2009Mah]. 
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The average grain size and distribution were measured on the coating cross sections by a 
metallographic technique of linear and planar analysis [1953Ful, 1963Gur]. The porosity of 
the coatings was measured on the cross section by dot counting. 
 
Coating hardness was obtained as macrohardness using a Vickers hardness tester at an 
applied load of 5 kg. Five measurements were made for each coating and the average 
hardness value determined. Hardness was calculated from the relation: 
 
HVload = 1854.4 x F/d2                                                                                                                     Equation 3.1 
 
where F = load in g, and d = diameter of the indenter in μm.  
 
The atomic force microscope with a tip radius less than 10 nm was employed to measure the 
surface roughness of the coatings within a surface area of 25.4 μm2. The coating 
characterization procedure was the same for both as-sprayed coatings and heat-treated coated 
samples. 
 
3.7 Test procedures 
The coatings were tested for residual stresses, abrasive wear and coating characterization. 
The procedures of these tests are given in the following sections. This was done on both as-
sprayed and heat-treated samples. 
 
3.7.1 Residual stresses analyses  
Non-destructive techniques used to determine the residual stresses in this research were: 
(a) X-ray diffraction, 
(b) Neutron measurement, and 
(c) Synchrotron X-rays. 
 
The residual stresses of as-sprayed coatings on Batch A samples (Table 3.1) were 
determined by X-ray diffraction only; these samples were not suitable for neutron and 
synchrotron X-ray measurements due to larger grain sizes and crystallographic texture. For 
the Batch B samples (Table 3.1), X-ray diffraction was used to determine residual stresses on 
the grit-blasted material, as-sprayed coatings, annealed coatings, annealed grit-blasted 
material and abrasive wear surfaces. A synchrotron and neutron facility in France [European 
Synchrotron Radiation Facility and Institut Laue-Langevin] was used to determine stresses 
on the parent materials, grit-blasted materials and as-sprayed coatings for the brass and 
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super-invar substrates. This was done to find the contribution of each process during the 
thermal spray procedure, as well as to investigate if there is correlation between synchrotron 
and neutron measurements. Other neutron measurements were done at Kowari (ANSTO, 
Australia) to determine residual stresses on grit-blasted material, as-sprayed coatings, 
annealed grit-blasted material and annealed coatings for brass, mild steel, super-invar and 
aluminium. This was done to investigate the contribution of each step of the coating process 
as well, and to ascertain if any correlation existed between X-ray analysis and neutron 
diffraction results, as well as the contribution of coating process. All efforts to determine 
residual stresses on as-sprayed and annealed coatings on 304L stainless steel using neutron 
and synchrotron X-rays proved abortive due to higher absorption of their substrate properties 
with neutron radiation, as well as the limited beam time allocated at Kowari (ANSTO, 
Australia). 
 
3.7.2 X-ray diffraction measurement 
The diffraction based techniques (Figure 3.2) are non destructive and mostly do not require 
surface preparation. Brass, aluminium, 304L stainless steel, super-invar (Batch A), as well as 
Batch B samples which included mild steel were used as the substrates. The samples sizes are 
given in Table 3.5. The sizes of Batch B samples were changed in order to determine if 
correlation existed between X-ray and neutron diffraction measurements. The measurements 
were conducted by using Co-Kα radiation with a wavelength of λ Co-Kα = 1.78897Å and 
energy = 7 keV. The anode settings were 40 kV and 40 mA. A Laser video camera system on 
the instrument was used to align the sample position at the centre of the goniometer. The 
instrument included a graphite monochromator and 0.8mm diameter collimator on the 
instrument primary side. Diffraction collection was done using a two-dimensional High Star 
(Bruker AXS) detector. Measurements were taken with the samples oriented in six different 
azimuth angles; 0˚, 180˚ 90˚, 270˚, 45˚ and 225˚ to determine the full stress tensor using the 
side-inclination geometry define by tilt around the projection of the projection of incident 
beam. 
 
Since WC-Co is a composite with WC as the major phase, stresses measured by X-ray 
diffraction focused only on the WC phase near the surface region of the coatings (as done by 
other authors [2001Mur]) since cobalt peak was weak. The residual stress measurements 
comprised following the shift of the WC Bragg peaks. A high angle peak was selected to be 
free of interference from other peaks. This was chosen to provide highest possible accuracy. 
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Figure 3.2. Side and top view of the D8 Discover for measuring residual stresses at Necsa. 
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The coated samples were fine grained, typically with micron grain size. The lattice strain was 
obtained from the shift of the hkl Bragg peak position when compared with that of an 
unstrained specimen. The residual stress measurement was performed in ψ geometry using 
sin2ψ for both positive and negative ψ angles. With the sin2ψ techniques, the strain-free 
lattice parameter was obtained from the ψ = 0 value. The lattice strain in the WC coating was 
obtained from the shift of the defined Bragg peak positions shown schematically in Figure 
3.3 [1996Cly]. The strain in the WC coating were measured using the {112} and {202} 
reflections. The instruments settings and reflections used are summarised in Table 3.6. 
 
 
Figure 3.3. Schematic diagram of the XRD strain measurement sin2ψ technique for 
measurement of the residual stress [1996Cly]. The top diagrams show the experimental 
conditions at ψ = 0° with the bottom diagrams showing the conditions at inclined ψ values. 
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Table 3.6. Elastic constants of the different materials. 
Reflection S1   (MPa
-1)    1/2S2 (MPa-1) Poisson’s ratio, v   
{112}WC -2.564 x 10-7 1.859 x 10-6  0.16  
{202}WC -3.247 x 10-7 1.948 x 10-6 0.20 
{311}Al -4.784 x 10-6 1.928 x 10-6 0.33 
{211}Fe-γ -1.429 x 10-6 6.190 x 10-6 0.30 
{311}Ni -1.844 x 10-6 8.936 x 10-6 0.30 
{311}Cu -3.197 x 10-6 1.351 x 10-5 0.31 
 
The above diffraction elastic constants were calculated using the Neefield-Hill`s module 
[1987Noy]. Data were analysed for residual stress determination using Bruker AXS software 
(Leptos, version 6). A video (Laser) camera system was used to align the sample 
measurement position to the centre of goniometer. The instrument set-up included a graphite 
monochromator and 0.8mm diameter collimator on the primary side. Data collection was 
done using two dimensional High Star (Bruker AXS) detector. 
 
 3.7.3 Fundamental equations for stress measurement with 2D XRD 
The fundamental principle of 2D measurement is based on the relationship between stress 
tensor and diffraction cone distortion. The merit of the 2D system is that each point on 
diffraction Debye-Scherrer cones are used to analyse the result, leading to quick with data 
collection times. The fundamental equation for strain and stress measurement by diffraction, 
using 2D detectors is [2003Bob]: 










sin
sin
ln 0333323231313222212121111 ffffff                Equation 3.2 
where ijf  = the strain coefficient, while 







sin
sin
ln 0  determines the diffraction cone distortion 
at the particular   2,  position. The material for this investigation was considered to be 
isotropic. Therefore, two independent elastic constants, Young’s modulus, E , and Poisson 
ratio, v , or macroscopic elastic constants were taken into consideration, as related by:  
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  EvS /12/1 2                      Equation 3.3 
and 
EvS /1  .                         Equation 3.4 
The equation for stress measurement, using 2D detector is given by [2003Bob]: 










sin
sin
ln 0333323232222131312121111 PPPPPP               Equation 3.5       
where 
   
  









jiiffSfvE
jiifSfSvfvE
P
ijij
ijij
ij
2
12
2
1
1/1
2
1
]1[/1
                             Equation 3.6 
 
Yu et al. [2004Yu] stated that for biaxial stress state, i.e. only in-plane stress components,  
Equation 3.5 becomes: 


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                 Equation 3.7  
The biaxial stress state corresponds to the straight line of the  2sind plate. 
 
3.7.4 The mean penetration depth 
The mean penetration depth was calculated by [1987Noy]:  



2
cossin 
                                                                                         Equation 3.8                                                                                     
where τ = mean penetration depth, μ = linear absorption coefficient, ψ is the tilt angle and θ = 
Bragg peak position in degrees, with the linear absorption coefficients determined according 
to Hubbell et al. [1974Hub]. 
 
3.7.5 Neutron diffraction stress measurement 
Test specimens (Table 3.2) coated on the 25 x 25 mm face were used for these measurements. 
The extremely small coating thickness of 200 μm (for neutron diffraction stress experiments) 
meant that accurate measurements on a fine through thickness mesh were done to obtain the 
coating stress indirectly, through stress balance in the coating/substrate system. High 
accuracy and many datapoints were required to compensate for the unfavorable ratio of the 
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thicknesses of the coating (0.2 mm) to that of the substrate (e.g. 8.3 mm). In addition, an 
attempt was made to directly measure the stresses in coatings. These two approaches gave a 
good countercheck on each other for reproducibility. 
A sub-millimetre gauge volume was chosen in order to balance different competing factors, 
such as through-thickness spatial resolution (to be able to measure sharp stress distribution 
from grit blasting, possibly over the stress from the substrate production process, and to avoid 
edge effects [1997Spo]), statistical uncertainty (to achieve strain accuracy better than 50 μ 
strain) and total measurement time, limited by the length of the experiment. The neutron 
diffraction residual stresses measurements were carried out using the residual stress 
diffractometer Kowari (ANSTO, Australia) shown in Figure 3.4. The measurements were 
done in multiple through-thickness locations to cover the entire sample thickness, forming a 
line profile with usually 0.3 mm spacing between points. In the locations close to the surface 
(where high stress gradients were expected due to peening from grit-blasting), some extra 
points were measured. In order to optimise localisation of the gauge volume, the take-off 
angle 2θM of the Si (400) monochromator was varied to maintain a geometry close to 90˚. 
The instrument settings for the reflection used are given in Table 3.7. For each location, d-
spacings were measured in the two principle directions namely, in-plane and normal to the 
surface. The balanced biaxial plane stress assumption was used to recalculate stresses from 
the measured d-spacings and the diffraction elastic constants, used for the stress calculations, 
were computed using the self-consistent method of Kröner [1958Kro], and are given in Table 
3.7.
 
Figure 3.4. KOWARI neutron strain scanner at ANSTO, Australia. 
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To separate stresses originating from the spray process from pre-existing stresses (e.g. 
residual stress from cold rolling of the substrates and/or the grit-blasting process) neutron 
stress measurements were done on the uncoated substrate samples. They were treated as 
separate samples and measured using the same procedure. The crucial part of the 
measurements was the high positioning accuracy, because of the necessity to combine 
multiple sets of data from different samples and directions. Position accuracy of 0.01 mm was 
maintained throughout of the experiment. For measurements in the substrate materials, this 
was sufficient to ensure that positioning errors were smaller than counting statistical errors, 
but for stress measurements in 0.2 mm WC coatings in conditions of partial illumination, the 
positioning error are larger, reaching ~100 μ strain. In this case, the error was included in the 
analysis as a significant part of the reported total errors. Figure 3.6a shows the sample 
geometry and set-ups on the instrument. This procedure was the same for the heat treated 
samples. 
 
Table 3.7. Instrument settings used for different reflections in neutron diffraction. 
Reflection 2θm Λ(Å) 2θB Gauge 
volume 
(actual)(mm) 
Sample 
thickness 
(mm) 
   S1       
(TPa)-1 
1/2S2      
(TPa)-1 
{211}Fe-γ 76.0˚ 1.67 91.3˚ 0.3x0.3x15 8.3 -1.26 5.72 
{311}Cu 69.0˚ 1.55 89.5˚ 0.3x0.3x15 6.4 -2.88 11.06 
{311}Ni 67.0˚ 1.52 89.0˚ 0.3x0.3x15 6.4 -2.33 9.34 
{112}WC 64.0˚ 1.44 90.0˚ 0.3x0.3x15 0.2   _ 1.65 
{211}WC 67.0˚ 1.50 92.1˚ 0.4x0.4x15 0.2   _ 1.82 
 
3.7.6 Synchrotron stress measurements at ESRF 
This study included the parent material, as-received being the reference state, prior to and 
after the grit-blasted surface roughening preparation, as well as the final as-coated samples 
shown in Figure 3.5. 
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Figure 3.5. Schematic diagram showing the locations where samples were extracted from the 
as-procured plates, designated as parent material (reference state throughout this study), grit-
blasted substrate and coated sample. 
 
The high atomic number of W limits the penetration depth achievable with laboratory based 
X-ray instruments utilizing Co-Kα to typically 2 μm, which is similar to the surface 
roughness. By exploiting the penetration depth of high energy synchrotron radiation (SR), 
depth resolved information was possible. The approach used here utilized 80-200 keV white 
beam synchrotron X-rays from the ID15A instrument at the ESRF (France), employed in the 
energy dispersive mode. The brilliance and high energy of the synchrotron X-rays enabled 
approximately 2% transmission through 2.5 mm of a sample, sufficient to collect a powder 
diffraction pattern. Beam sizes (depth x in-plane dimensions) of 0.03 x 0.6 mm2 were used for 
this investigation, in conjunction with sample sizes of 25 x 25 mm3 and wedge shaped 
samples (cut by EDM) containing the coating for synchrotron measurement.  
 
Exploratory measurements at different beam path lengths showed that a 2.3 mm depth of WC 
rendered data of sufficient accuracy for strain determination. The coatings were extensively 
mapped with SR using the WC {101} peak. Measurement time per position was 1200 s for 
WC, and 60 s for the substrate. For the Co face-centred cubic structure in the substrate, the 
{311} peaks were used for the strain determinations. Strains in the substrate were referenced 
to the parent materials, and WC to flakes of coating chipped from the substrates.  
 
Figure 3.6b shows the sample geometry and set-up of the instruments. The use of two 
detectors with the SR investigations allowed simultaneous measurement of the in-plane and 
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normal strain components.  For the ND investigations, the samples had to be re-oriented for 
the different strain directions. The schematic diagrams (Figure 3.6) show the radial 
collimation geometry that minimized surface aberration contributions [2004Kel]. 
 
 
 
 
 
 
 
 
 
(a)       (b) 
Figure 3.6. Measurement geometries employed with (a) Synchrotron and (b) Neutron 
diffraction investigations [2004Kel]. 
 
3.8 Abrasion wear testing 
Dry abrasion testing was done using Dry Sand Rubber Wheel test rig (Figure 3.7) in 
accordance with standard ASTM G65-04 [2010ASTM] at ambient temperature and humidity. 
 
Silica sand procured from Rolfes Silica of size 300-600 μm was used as the abrasive material. 
The abrasive sand was characterizes using sieves analysis and SEM/EDX. Test specimens 
(Table 3.5), coated on the 70 x 25 mm face, were pressed against the rubber wheel under an 
applied load of 25 N. The rotational speed of the rubber wheel was kept at 140 r/mins and the 
sand flow rate at 4.3 g/s. The total test duration was 30 minutes. At 5 minute intervals, the 
samples were ultrasonically cleaned and then weighed using a Mettler Toledo Pb503S 
weighing machine. 
 
 
 
  
 
 
 
 
Q 
2θ 
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Figure 3.7. General set-up of Dry Sand Rubber Wheel test rig showing vibratory feeder, 
testing chamber silo for the abrasive particles, flow rate meter and hook for loading. 
 
For each coating, three specimens were used and the average value was used to indicate the 
mass loss and wear rate. Mass losses from the test specimens were determined to an accuracy 
of 0.1mg at the 5 minute intervals. The same procedure was employed for the parent material 
(substrate), grit-blasted samples, as-sprayed coating and heat treated coated samples. The 
wear scars were examined using SEM and EDX. 
 
3.9 Heat treatment procedure 
Stress relieving heat treatments were conducted on all the as-sprayed samples (Table 3.8), to 
relieve residual stresses generated during the spraying process. The research on heat treated 
Batch A samples was carried out by two undergraduate students, Mr Lucas Mabotja 
[2010Mab] and Mr Ntakadzeni Makhwathana [2010Nta] as their final year honours project at 
the University of the Witwatersrand, whilst research on the heat treated Batch B samples was 
carried out under this project. The polished specimens (from the coating characterization and 
wear tests) and unpolished samples (from residual stress measurements) were annealed in an 
ELITE Thermal Systems Limited tube furnace. The samples were placed in a ceramic 
container which was then placed inside the furnace. The process was done according to the 
parameters given in Table 3.8. The annealing temperatures, apart from that for mild steel, 
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were taken as 40% of the melting temperature of the substrate material. In the case of mild 
steel, an annealing temperature of 700 °C was taken to ensure that the low carbon phase 
transition was not activated. Annealing was carried out for one hour under argon atmosphere. 
 
Table 3.8. Parameters used for heat treatment. 
Coated substrate Annealing 
temperature (˚C) 
Heating rate 
(˚C.minute-1) 
Dwell time (h) Cooling rate 
(˚C.minute-1) 
Brass 375 6 1 5 
Aluminium 375 6 1 5 
Mild steel 700 6 1 5 
304L stainless 
steel 
875 6 1 5 
Super-invar 875 6 1 5 
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CHAPTER FOUR RESULTS 
 
4.1. BATCH A (COMMERCIAL SAMPLES) 
 
4.1.1. Effect of Substrates on the Microstructure of Thermally Sprayed WC-17 wt%Co 
Coatings 
 
4.1.1.1 Introduction 
The objective of this work was to examine the effect of the substrate on the microstructure of 
WC-Co coatings sprayed by the HVOF process after deposition. The work was also done to 
gain a better understanding of the decomposition process of tungsten carbide during thermal 
spraying and the microstructures of the coatings. 
 
4.1.1.2 Results 
The typical morphology and components of the powder is shown in Figure 4.1. 
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Figure 4.1. SEM-SEI micrograph and EDX spectrum of starting WC-17wt%Co powder. 
 
4.1.1.3 X-ray diffraction 
Figure 4.2 shows the X-ray diffraction spectra of the powder and as-coated surfaces. The 
starting powder comprised only WC and Co, but different phases were found on the different 
coated samples. All the coatings had a broad peak at 2θ ≈ 44o. The XRD results of the coated 
aluminium sample showed WC and metallic Co, with only a small amount of W2C. The 
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coating on 304L stainless steel revealed the presence of WC only, with no Co. Detection of 
cobalt can be slightly compromised as XRD using Cu radiation tube can be insensitive to the 
detection of cobalt [2003Dal]. For super-invar, the XRD spectrum was significantly different 
from the others and was of a poorer quality, with broader peaks. There were large Co peaks, 
as well as small W3C peaks. The brass sample showed WC and the possibility of some free 
Co by the slight peak at 2θ ≈ 44. Two different carbides were found: W2C in the aluminium 
sample, and W3C in the super-invar sample. 
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Figure 4.2. XRD patterns of the starting WC powder and as-sprayed coatings. 
 
The optical micrographs of the as-sprayed coating cross-sections are presented in Figures 4.3 
to 4.5. The microstructures show how well the coatings fitted on to the roughened substrate 
surfaces to create good mechanical bonds. Porosity was also seen. For the as-sprayed coating 
on the aluminium substrate, Figure 4.3, porosity was seen, with a good fit between coating 
and the regular surface of the substrate. No peeling was observed at the interface between 
coating and the substrate. 
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Figure 4.3. Optical micrograph of WC-17wt% Co coatings (bottom) on aluminium. 
 
The as-sprayed coating on 304L stainless steel substrate shown in Figure 4.4 had porosity, as 
well as a good fit between coating and the regular surface of the substrate. The black area in 
the coating-substrate interface is the alumna used for the grit-blasted, which is similar to the 
work reported by Machio [2005Mac]. 
 
                  
Figure 4.4. Optical micrograph of WC-17wt% Co coating (bottom) on 304L stainless steel 
showing coating and holes. 
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Figure 4.5 shows the as-sprayed coating on the brass substrate, with porosity and a good 
interface between the coating and the regular surface of the substrate. No peeling was 
observed at this interface. 
 
                  
Figure 4.5. Optical micrograph of WC-17wt% Co coating (bottom) on brass. 
 
The SEM/BSE micrographs of the WC-17 wt% Co coatings are shown in Figures 4.6-4.9. At 
higher magnification, the coatings showed pores and mainly equiaxed WC grains of different 
sizes in a Co matrix. The typical thermal sprayed coating microstructure observed in the as-
sprayed coatings on aluminium substrate is shown in Figure 4.6. The noticeable features were 
the lamellar structure, due to individual splats forming a layered structure, pores and different 
WC particle sizes within the Co matrix.  
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Figure 4.6. SEM-BSE image of WC-17 wt% Co coating on the aluminum substrate, showing 
WC (light), cobalt binder (medium), and pores (black). 
 
From the microstructure of the as-sprayed coating on brass substrate shown in Figure 4.7, the 
most noticeable features were the lamellar structure from individual splats forming the 
layered structure, pores and different sized WC particles within the Co matrix. 
 
                  
 
Figure 4.7. SEM-BSE image of WC-17 wt% Co coating on brass substrate, showing WC 
(light), cobalt binder (medium), and pores (black). 
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The microstructure of the as-sprayed coating on the 304L stainless steel substrate shown in 
Figure 4.8 had a lamellar structure (from the individual splats forming the layers), smaller 
pores and more similar sized WC particles than for brass. 
 
                  
 
Figure 4.8. SEM-BSE image of WC-17 wt% Co coating on 304L stainless steel, showing 
WC (light), cobalt binder (medium), and pores (black). 
 
The microstructure of the as-sprayed coatings on the super-invar substrate (Figure 4.9) shows 
a lamellar structure (from the individual splats), pores, microcracks and a range of WC 
particle sizes within the Co matrix. These cracks are thought to result from the residual stress 
relaxation during deposition, as the yield strength of the WC was exceeded during the 
thermal contraction when the hot splats experienced quick thermal quenching as they 
encountered the surface. However, this did not weaken the bonding between coating and 
substrate because the cracks were perpendicular to the coating thickness. 
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Figure 4.9. SEM-BSE image of WC-17 wt% Co coating on super-invar substrate, showing 
WC (light), cobalt binder (medium), pores (black), and microcracks. 
 
EDX analyses showed that all the coatings were composed of W, Co and C, with the 304L 
stainless steel sample containing Al in addition. The presence of aluminium at the interface 
was attributed to the alumina grit blast preparation of the substrate before deposition of the 
coating. The phases identified from EDX analyses were in agreement with X-ray diffraction 
results. The porosities observed in the microstructures were very low, except for super-invar 
which had a slightly higher porosity. 
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The initial WC grain size of the starting powder was 1.2 ± 0.3µm, and the mean WC grain 
sizes in the coatings are given in Table 4.1, with the substrates properties given in Table 3.2. 
 
Table 4.1. Porosity and mean grain size of the coatings. 
Substrate Porosity (%) WC grain size (µm) 
Aluminium 0.5149±0.001 0.150±0.01 
Brass 0.4581±0.002 0.127±0.01 
304L SS 0.5596±0.001 0.185±0.02 
Super-invar 0.7529±0.001 0.133±0.02 
 
The mean grain sizes were in general similar and small.  It might be expected that less 
porosity would be associated with smaller grain size, but this was not the case. The grain size 
distribution in Figure 4.10 shows a homogeneous distribution for coated stainless steel and 
brass substrate, whereas more irregular grain sizes are seen in aluminium and super-invar. 
Table 4.1 shows that the porosity of the super-invar coating was a little higher than the rest of 
the samples, which agreed with the SEM images. The brass sample had slightly lower 
porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Grain size distribution of the coatings on different substrates: (a) aluminium,   
(b) 304L stainless steel, (c) super-invar, and (d) brass. 
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Table 4.2. Measured properties of the coatings. 
 
 
The three-dimensional surface roughness measurements on the coatings by atomic force 
microscopy are shown in Figure 4.11, and the results are given in Table 4.2. The aluminium 
and brass samples had similar roughness values. The surface profiles showed periodic high 
peaks, scratches and low valleys corresponding to the machining marks 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. AFM surface profiles of WC-17wt% Co coatings on different substrates:         
(a) aluminium, (b) 304L stainless steel, (c) super-invar, and (d) brass. 
 
The microhardness values of both coatings and substrates are shown in Table 4.2 and Figure 
4.12. The results indicated a higher microhardness in the coating compared to the substrates, 
which was expected. The value for the coated aluminum sample was slightly higher than the 
other coated samples, due to the occurrence of W2C. 
Substrate Surface roughness Rq (nm) HV coating (GPa) HV substrate (GPa) 
Aluminium 35 10.22±0.02 0.09±0.01 
Brass 32 10.04±0.01 1.40±0.01 
304L SS 10 9.41±0.01 2.71±0.01 
Super-Invar 24 7.91±0.01 1.53±0.01 
(d) (c) (b) (a) 
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Figure 4.12. Microhardness values of WC-Co coatings and the different substrates. 
The relationships between the coating results (Table 4.2), as well as the substrate properties 
(Table 3.2), are shown in Figures 4.13-4.18 (with no error bars shown, as the errors were 
small (Table 4.2)). The microhardness decreased with increasing grain sizes (Figure 4.13), 
and increasing porosity (Figure 4.14), increased with increasing coefficient of thermal 
expansion (Figure 4.15) and increasing surface roughness (Figure 4.16). The surface 
roughness decreased with increasing substrate melting point (Figure 4.17), whilst the surface 
roughness increased with increasing coefficient of thermal expansion (Figure 4.18). 
 
  
 
 
Figure 4.14. Correlation between the 
porosity and microhardnesses of the 
WC-17Co coatings on the different 
substrates. 
. 
 
Figure 4.13. Correlation between the 
grain sizes and microhardnesses of the 
WC-17Co coatings on the different 
substrates. 
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Figure 4.15. Correlation between the 
substrate coefficients of linear thermal 
expansion and microhardness of the 
WC-17Co coatings on the different 
substrates. 
. 
 
Figure 4.16. Correlation between the 
surface roughness and microhardness 
of the WC-17Co coatings on the 
different substrates. 
. 
 
Figure 4.17. Correlation between the 
melting point and surface roughness of 
the WC-17Co coatings on the different 
substrates. 
. 
 
Figure 4.18. Correlation between the 
coefficient of thermal expansion and 
surface roughness of the WC-17Co 
coatings on the different substrates. 
. 
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4.1.2. X-ray diffraction measurements of residual stress in WC-Co thermally sprayed 
coatings onto metal substrates 
 
4.1.2.1. Introduction  
The objective of this portion of the work was to further explore the use of X-ray diffraction to 
determine the residual strain in WC-17wt% Co HVOF coating on different substrates, and to 
extend it to investigate the influences of hardness and coefficients of thermal expansion on 
the nature of the residual stress. 
 
4.1.2.2. Results 
A representative plot of strain against sin2ψ typically observed for the investigation of the as-
sprayed coatings is shown in Figure 4.19. The -sin2ψ of the sample showed a negative slope 
for as-spayed coatings on aluminum and brass, and coated super-invar showed positive 
slopes. 
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Figure 4.19. Plot of d-spacing against sin2ψ for as-sprayed coating on the brass substrate. 
 
The residual stresses determined under the assumption of planar stress conditions using a 
reflection of {202}WC are given in Table 4.3 and Figure 4.20. The residual stresses were 
determined to be compressive in the as-sprayed coatings on aluminium, 304L stainless steel 
and brass, whilst they were tensile on the coated super-invar sample. Nothwithstanding the 
nature of the stresses, they were all of relatively low magnitudes which could be due to flaws. 
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Table 4.3. Residual stresses in WC coatings deposited on different substrates. 
 
 
Coated Substrate Residual stress measured with Co-Kα (MPa) 
Brass 53.5±28.0 
Aluminum -129±26.2 
Super-Invar 74±30.6 
304L stainless steel -51.2±18.3 
 
  
Figure 4.20. Residual stresses in as-coated WC-Co coatings deposited on the different 
substrates. 
 
The relationships between the residual stresses values of the coating against microhardness, 
coefficient of thermal expansion of the substrate, as well as specific heat capacity are shown 
in Figures 4.21 to 4.23. The residual stress decreased with increasing microhardness (Figure 
4.21), increasing coefficient of thermal expansion (Figure 4.22) and increasing specific heat 
capacity (Figure 4.23). 
A=Brass 
B=Al 
C=S-invar 
D=304L SS 
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Figure 4.21. Correlation between the 
coating microhardness and residual 
stresses values of the WC-17Co 
coating on the different substrates. 
. 
 
Figure 4.22. Correlation between the 
coefficient of thermal expansion of the 
substrates and residual stresses values 
of the WC-17Co coating on the 
different substrates. 
. 
. 
 
Figure 4.23. Correlation between the 
substrate specific heat capacity and 
residual stresses of the WC-17Co 
coatings on the different substrates. 
. 
. 
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Residual stress investigations by X-ray diffraction, were also done for the reflection of 
{112}WC but not necessarily corresponding to the same position of the {202}WC). The stresses 
were compressive, as shown in Table 4.4. 
 
Table 4.4. Residual stresses in WC coatings deposited on different substrates. 
 
 
 
 
 
 
 
 
 
 
The relationships between the residual stresses (Table 4.4), as well as the substrate properties 
(Table 3.2), are shown in Figures 4.24-4.26. The residual stress do not show a discernable 
relationship with substrate melting point (Figure 4.24), residual stress increased with 
increasing coefficient of thermal expansion (Figure 4.25) and with increasing specific heat 
capacity (Figure 4.26). 
 
                          
Figure 4.24. Correlation between the substrate melting points and residual stresses of the 
WC-17Co coatings on the different substrates. 
 
Coated Substrate 
Residual stress 
measured by Co-Kα 
(MPa) 
  Brass -47.5±43.1 
  Aluminum -149.8±50.2 
  Super-Invar -17.6±44.6 
  304L stainless steel -17.6±44.6. 
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Figure 4.25. Correlation between the 
substrate coefficients of thermal 
expansion and residual stresses of the 
WC-17Co coatings on the different 
substrates. 
. 
. 
 
Figure 4.26. Correlation between the 
substrate coefficients of thermal 
expansion and residual stresses of the 
WC-17Co coatings on the different 
substrates. 
. 
. 
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4.1.3. Effect of substrate on the 3 body abrasion wear of HVOF WC-17wt%Co coatings 
 
4.1.3.1. Introduction  
The objective here was to evaluate the abrasive wear resistance of WC-17wt%Co thermal 
spray coatings deposited onto four different substrates, in order to assess the effect of 
substrate on the coatings’ wear behavior. The wear mechanisms were identified and related to 
the coating microstructure and hardness. 
 
4.1.3.2. Results 
The morphology of the silica abrasive is presented in Figure 4.27 which shows the angular 
nature of the particles, with a particle size distribution between 300-600 microns. 
 
                             
Figure 4.27. Morphology of silica abrasive procured from Rolfes Silica, South Africa. 
 
The results of the average cumulative mass loss for each coated substrate during the 30 
minute test are shown in Figure 4.28, with the wear rates for each coated substrate after 30 
minutes shown in Figure 4.29 (where the errors were too small to plot i.e. ± 0.001). The 
general trend of increasing mass loss as time progresses was seen for all coated substrates. 
The coated aluminium consistently had the highest average mass loss, despite having the 
highest hardness. The coated brass and super-invar samples showed similar mass loss trends. 
The coated 304L stainless steel had the lowest mass loss after 20 minutes, even though it had 
the second lowest hardness value. These results do not follow the known trend of increasing 
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hardness being associated with decreased wear rate [2007Kim]. This implies that additional 
factors are determining the wear response of the coated substrates. 
 
 
Figure 4.28. Average cumulative mass loss for each coated sample on abrasive wear testing. 
 
 
 
Figure 4.29. Wear rates of as-received coated substrates after 30 minutes of abrasive wear 
testing. 
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To understand the wear behaviour, the wear scars were examined using the SEM. Figures 
4.30-4.33 show SEM images of the worn surfaces for each coated substrate. Similar wear 
features were observed on all four worn coated substrates. However, the degree of damage 
differed among the different substrates. The worn coated aluminium substrate sample (Figure 
4.30) revealed extensive cracking of the carbide grains, as well as fragmenting of the 
carbides. Also, there was Co binder removal in the selected areas, leaving the carbide grains 
in higher relief and unsupported. Rounding of the carbide grain edges was observed, as well 
as micro-crack paths and multi-grain pull-out. A deep wear groove was visible. 
 
   
Figure 4.30. SEM-BSE micrographs of the worn WC-17Co coating surfaces on the aluminum 
substrate, showing extensive cracking and fragmentation of the carbides (WC (light) and Co 
(dark)). 
 
The worn coated brass substrate sample (Figure 4.31) had fewer cracked and fragmented 
carbides. There was Co binder removal in selected areas, leaving the carbide grains in higher 
relief and unsupported, whereas less Co binder removal was seen on the coated 304L 
stainless steel substrate (Figure 4.33). Rounding of the carbide grain edges was observed, as 
well as micro-crack paths and multi-grain pull-out. A deep wear groove was visible. 
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Figure 4.31. SEM-BSE micrographs of the worn WC-17Co coating surface on brass, showing 
cracks, individual pull-out of carbides and binder removal around the harder carbides standing 
prone (WC (light) and Co (dark)). 
 
Figure 4.32 shows the worn coated super-invar substrate sample. The noticeable features 
were fewer cracked and fragmented carbides. Some of the Co binder had been removed, 
leaving the carbide grains in higher relief and so unsupported. Rounding of the carbide grain 
edges, micro-crack paths, multi-grain pull-out and a deep wear groove were also observed. 
 
   
Figure 4.32. SEM-BSE micrographs of the worn WC-17Co coating surface on super-invar, 
showing cracks and preferential binder removal around harder carbides standing prone (WC 
(light) and Co (dark)). 
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The worn coated 304L stainless steel substrate sample (Figure 4.33) revealed fewer cracked 
and fragmented carbides. It also showed limited binder removal with microcracking in the 
selected areas, leaving the carbide grains in higher relief and unsupported, while the coated 
aluminium (Figure 4.30) showed the highest level of binder removal. Rounding of the carbide 
grain edges, micro-crack paths, multi-grain pull-out and deep wear grooves were visible. 
 
   
Figure 4.33. SEM-BSE micrographs of the worn WC-17Co coating surface on 304L stainless 
steel, showing few cracks, pull-out of carbides and preferential binder removal around free 
standing carbide grains (WC (light) and Co (dark)). 
 
To understand the correlation between the wear loss, residual stress and yield strength, 
residual stresses were determined on the abrasive samples, with their average stress values 
given in Table 4.5. The yield strength of each coating was calculated using the formula of 
Cahoon et al. [1971Cah], with n assumed to be 0.15 [1986Die] and the values are listed in 
Table 4.5. 
 
σo = HV(0.1)n 
           3 
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Table 4.5. Yield strength, abrasive wear results and average residual stress of the coated 
samples. 
Substrate Aluminum Brass 304L 
Stainless 
Steel 
Super-invar 
Coating Yield strength (GPa) 2.41 2.37 2.22 1.87 
Wear mass loss (g) 0.10 ± 0.01 0.093 ± 0.01 0.085 ± 0.01 0.092 ± 0.01 
Average residual stress (MPa) -224.23 ± 42.3 -149.3 ± 42.7 -93.06 ± 43.8 -78.86 ± 41.2 
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4.2. BATCH B RESULTS (SUBSTRATES PROCURED FROM GOODFELLOW, UK) 
 
4.2.1. Microstructural characteristics of HVOF sprayed WC-Co coatings on metal 
substrates 
 
4.2.1.1. Introduction  
The choice of a metal substrate for thermal spraying needs adequate attention for good 
properties. The substrates of the Batch B samples were specifically sources to be fine grained 
with minimal crystallographic texture to enable residual stress investigation with different 
techniques. The goal of this portion of the work was to demonstrate the dependency of the 
coating microstructures and mechanical properties on the coated substrate.  
 
4.2.1.2. Results 
Figure 4.1 shows the morphology of the feedstock powder. The powder was identified to be 
tungsten carbide grains in a cobalt matrix by EDX. The scanning electron microscope 
backscattered electron images of the coatings are presented in Figures 4.34 to 4.39. These 
figures show the main features of the coatings, highlighting the differences between them at 
higher magnification. The higher magnifications revealed the carbides better, with a typical 
microstructure of thermal spraying. The microstructure of the as- sprayed coatings on  
 
       
Figure 4.34. SEM-BSE images of cross-sections of WC-17%Co coating on aluminum, 
showing WC (light), cobalt binder (medium), and pores (black).  
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The aluminium substrate, Figure 4.34, had mainly finer, equiaxed WC particles, as well as 
coarser, elongated WC particles, and pores. 
 
The microstructure of the as-sprayed coating on brass substrate is presented in Figure 4.35. 
The main features were the pores, microcracks, and mainly equiaxed WC particles of 
different sizes. 
 
        
Figure 4.35. SEM-BSE images of cross-sections of WC-17%Co coating on brass, showing 
WC (light), cobalt binder (medium), pores (black) and microcracks on the right hand image.  
 
The as-sprayed coating on the mild steel substrate, shown in Figure 4.36, had a 
microstructure with pores, finer, elongated carbide with more pronounced micro-cracking 
with distinct differences in WC particle size embedded within the Co matrix. The long crack 
found in the coating is roughly parallel to the interface. It is thought that, the crack does not 
weaken the bonding between the coating and the substrate, because they are perpendicular to 
the coating thickness. 
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Figure 4.36. SEM-BSE images of cross-sections of WC-17%Co coating on mild steel, 
showing WC (light), cobalt binder (grey), pores (black), with microcracks on the left hand 
image. 
 
Figure 4.37 shows the microstructure of the as-sprayed coatings on the super-invar substrate. 
The major features were the pores, microcracks, and mainly equiaxed carbides in the Co 
matrix. 
 
        
Figure 4.37. SEM-BSE images of cross-sections of WC-17%Co coating on super-invar, 
showing WC (light), cobalt binder (grey), and pores (black).  
 
The microstructure of the as-sprayed coatings on 304L stainless steel substrate (Figure 4.38) 
had a lamellar structure, with pores, microcracks, finer and some elongated carbides, with a 
range of WC particle sizes. 
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Figure 4.38. SEM-BSE images of cross-sections of WC-17%Co coating on 304L stainless 
steel, showing WC (light), cobalt binder (medium), and pores. 
 
A typical SEM-BSE image of a Vickers hardness indentation on a cross-section of a WC-
17% Co coating is shown in Figure 4.39. No cracking was seen from the indentation, which 
showed that the coating integrity was good, despite the localised microcracks observed 
(Figure 4.36). 
       
                                             
Figure 4.39. SEM-BSE image of a Vickers hardness indentation on the cross-section of WC-
17%Co coating on super-invar. 
 
The results of metallographic characterization of the coatings to determine the mean carbide 
size are shown in Table 4.6. The mean grain sizes were small and generally similar. Table 4.6 
shows that porosity of the as-sprayed super-invar was a little higher than the rest of the 
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samples, which is in agreement with the observations on the microstructures. As-sprayed 
304L stainless steel had slightly lower porosity than the other samples.  
 
Table 4.6. Properties of the WC-Co coatings on various substrates. 
Substrate Coating Porosity (%) 
WC grain 
size (µm) 
Residual 
stress   (MPa) 
Coating 
HV5 (GPa) 
Substrate 
HV5 (GPa) 
Aluminum 0.618±0.100 0.94±0.20 -15.7±17.0 8.55±0.01 1.45±0.01 
Brass 0.630±0.100 1.00±0.20 36.0±17.5 6.60±0.01 1.29±0.01 
304L SS 0.463±0.200 1.14±0.20 24.6±18.6 9.11±0.01 1.74±0.02 
Super-invar 0.762±0.200 0.82±0.20 111.1±17.3 7.63±0.01 1.35±0.01 
Mild steel 0.570±0.100 1.07±0.02 30.5±19.1 7.01±0.01 1.25±0.01 
 
Figure 4.40 shows comparisons of the starting powder (which was the same for both A and B 
batches) and diffraction patterns of as-sprayed coatings on the different substrates. The XRD 
patterns were very similar, indicating that the coatings comprised primarily of WC with only 
a small signal of Co, suggesting that Co was only slightly crystalline. A small amount of 
Co6W6C was found on the as-sprayed coating on mild steel, despite the same powder being 
used for the feedstock. 
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Figure 4.40. XRD patterns of the starting powder and as-sprayed coatings. 
 
The macrohardness values of both substrate and coatings are shown in Table 4.6 and Figure 
4.41. The results indicate a higher macrohardness in the coatings compared to the substrates. 
The value for the as-sprayed coating on 304L stainless steel was slightly higher, followed by 
coated aluminium substrate. The as-sprayed coating hardnesses were (in decreasing order): 
304L stainless steel > aluminium > super-invar > mild steel > brass. 
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Figure 4.41. Macrohardness values of WC-17Co coatings on the different substrates. 
 
The relationships between coating macrohardness with grain size, porosity and substrate 
mcrohardness are shown in Figures 4.42-4.46. The macrohardness showed a slight increase 
with increasing grain size (Figure 4.42), and decreased with increasing porosity (Figure 4.43). 
With increasing substrate macrohardness, the coating hardness increased (4.44). The 
microhardness showed a slight increase with increasing substrate melting point (4.45). With 
increased coefficient of thermal expansion, the macrohardness increased (Figure 4.46). 
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Figure 4.42. Correlation between the 
grain sizes and microhardness of the 
WC-17Co coatings on the different 
substrates, showing slight decreases of 
hardness but scattered. 
. 
. 
 
Figure 4.43. Correlation between the 
porosity and microhardness of the WC-
17Co coatings on the different 
substrates,showing hardness decreased 
with increasing porosity. 
. 
. 
 
Figure 4.44 Correlation between the 
substrate and coating microhardness of 
the WC-17Co coatings on the different 
substrates, showing increasing coating 
hardness with substrate hardness. 
. 
. 
 
Figure 4.45. Correlation between the 
substrate melting point and microhardness 
of the WC-17Co coatings on the different 
substrates, showing a slight increase. 
. 
. 
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The typical lattice plane spacings, dψ, were calculated and plotted as a function of sin2ψ, as 
shown in Figures 4.47–4.51. The total residual stress is obtained from the slope of this plot by 
applying Equation 2.6. The negative slope observed in Figure 4.47 corresponds to a 
compressive residual stress in the WC-Co coating. The positive slopes observed in Figures 
4.48-4.51 correspond to tensile stresses in the WC-Co coating. 
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Figure 4.46. Correlation between the 
substrate coefficient of thermal expansion 
and microhardness of the WC-17Co 
coatings on the different substrates, 
showing a slight increase. 
. 
. 
 
Figure 4.47. Plot of d-spacing versus 
sin2ψ for the as-sprayed WC-17Co 
coating on aluminum substrate. 
 
Figure 4.48. Plot of d-spacing versus 
sin2ψ for the as-sprayed WC-17Co 
coating on brass substrate. 
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Figure 4.51. Plot of d-spacing versus sin2ψ for the as-sprayed WC-17Co coating on super-
invar substrate. 
 
The stress values were calculated and reported in Figure 4.52. The residual stresses 
determined from the {112}WC reflection with the assumption of planar stress conditions are 
given in Table 4.6 and Figure 4.52. The residual stresses were tensile in the as-sprayed 
coatings on super-invar, mild steel, 304L stainless steel and brass, whilst they were 
Figure 4.49. Plot of d-spacing versus 
sin2ψ for the as-sprayed WC-17Co 
coating on mild steel substrate. 
 
Figure 4. 50. Plot of d-spacing versus 
sin2ψ for the as-sprayed WC-17Co 
coating on 304L stainless steel 
substrate. 
 
90 
 
compressive on the as-sprayed coating on aluminium. However, all the residual stress values 
were very low. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.52. Summary of residual stresses determined in for the as-sprayed WC-Co coatings 
deposited on the different substrates of this study. The results for aluminum is given by the 
first bar plot that is not labelled. 
A=Aluminum 
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4.2.2. Systematic investigation of residual strains associated with WC-Co coatings 
thermal sprayed onto metal substrates  
 
4.2.2.1. Introduction  
This part of the study investigates the potential role that differences in the coefficients of 
thermal expansion (CTE) between different substrates and WC-Co coatings could have, in 
order to improve the functional properties of the substrate-coating combination. If successful, 
these coatings could potentially replace bulk sintered carbides in some wear applications.  
The integrity of these sprayed deposits is strongly influenced by the residual stress profiles in 
the deposit as well as the substrate. A systematic characterisation of the residual stresses 
originating from the various process steps involved in the HVOF process were investigated. 
The study included the parent material (the as-received condition being the reference state) 
prior to and after the grit-blasted surface roughening preparation, as well as the final as-
coated samples. This investigation was primarily on the influences of the substrate materials, 
supplemented by results of the coatings where possible. 
 
4.2.2.2. Results 
The coating characterization of the as-sprayed starting powder and as-sprayed coating on 
brass, super invar and 304L stainless steel has been discussed in Section 4.2. The depth 
resolved residual strain results for the brass samples are shown in Figures.4.53 and 4.54 
respectively for the synchrotron and neutron investigations, and correspondingly for the invar 
samples in Figures.4.55 and 4.56. The depth resolved residual strain results for the 304L 
stainless steel sample are shown in Figure 4.57 for the synchrotron only. The neutron 
measurement for 304l stainless steel was not investigated as we did not have beam time, 
Also, because its duplex phase makes stress investigations more difficult to measure. Since 
the neutron diffraction and X-ray diffraction analyses were possible subsequently, all data 
processing was done on the same Bragg peaks (Table 3.7), for the synchrotron investigation 
throughout to enable direct comparison of results irrespective of the technique used. 
 
Data were taken at all measurement positions with fully submerged gauge volumes where the 
sample surface positions were determined from entry or wall scans. No surface aberration 
effects were observed in the data included in the analyses. Results are for the parent material 
(left hand), the grit blast substrate (centre) and HVOF as-coated sample (right hand). The 
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substrate coating interface is at 0 mm. The graphs on the lower line in Figures 4.53 to 4.57 
show an enlarged view of the results near surface region. The error bars indicate the 
systematic error associated with the measurements with. the lines through the symbols 
serving as guides to the eye. 
 
 
Figure 4.53. Residual strain depth dependence determined from the lattice plane spacing of 
the {311}Cu and {101}WC Bragg peaks measured with synchrotron X-ray diffraction on the 
thinned wedge brass sample. The bottom figures show an enlarged view of the results at the 
near surface region. Legend: ● = substrate in-plane component; ▲ = substrate normal 
component; ○ = WC in-plane component; ∆ = WC normal component. 
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Figure 4.54. Residual strain depth dependence determined from the lattice plane spacing of 
the {311}Cu Bragg peak measured with neutron diffraction on brass sample. The bottom 
figures show an enlarged view of the results at the near surface region. The lines through the 
symbols represent polynomial curve fits to enable stress calculations at corresponding depth 
values. Legend: ● = substrate in-plane component; ▲ = substrate normal component. 
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Figure 4.55. Residual strain depth dependence determined from the lattice plane spacing of 
the {200}Ni and {101}WC Bragg peaks measured with synchrotron X-ray diffraction on the 
thinned wedge invar sample. The bottom figures show an enlarged view of the results at near 
surface region. Legend: ● = substrate in-plane component; ▲ = substrate normal component; 
○ = WC in-plane component; ∆ = WC normal component.   
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Figure 4.56. Residual strain depth dependence determined from the lattice plane spacing of 
the {200}Ni Bragg peak measured with neutron diffraction on invar sample. The bottom 
figures show an enlarged view of the results at the near surface region. The lines through the 
symbols represent polynomial curve fits to enable stress calculations at corresponding depth 
values. Legend: ● = substrate in-plane component; ▲ = substrate normal component. 
 
 
Figure 4.57. Residual strain depth dependence determined from the {311}Fe-γ reflection in 
the 304L stainless steel substrate and {101}WC Bragg peaks measured with synchrotron X-ray 
diffraction. The bottom set of figures show an enlarged view of the results at the near surface 
regions. Legend: ● = substrate in-plane component; ▲ = substrate normal component; ○ = 
WC in-plane component; ∆ = WC normal component. 
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The in-plane residual stresses measured in the samples using biaxial stress assumption are 
displayed in Figures 4.58–4.62. Since the synchrotron investigations were taken 
simultaneously with the same sample setup, direct conversion of the strains to stresses for 
each depth position could be done from the in-plane and normal components of strains. The 
neutron diffraction measurements necessitated different reorientations of the samples, and 
were measurements not taken at coincident depth positions. To enable stress determinations, 
6th order polynomial curves were used, which rendered good fits to the strain (lattice 
parameter) profiles as shown in Figures 4.56 and 4.58 respectively. Stresses were then 
determined from the fitted curves, rendering the smooth curves shown in Figures 4.59 and 
4.61. 
 
A bi-axial stress condition, discussed in Section 2.7.8, was used to determine the lattice 
parameter. The elastic constants used in the determination of the stress values are shown in 
Table 3.7. Results are for the parent material (left set), the grit blast substrate (centre set) and 
HVOF as-coated sample (right set). The substrate coating interface was set at 0 mm. The 
bottom figures show an enlarged view of the results at the near surface region. The error bars 
indicate the systematic error associated with the measurements. The lines through the 
symbols are guides to the eye. 
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Figure 4.58. In-plane residual stress depth dependence determined from the lattice strain 
results of the {311}Cu and {101}WC Bragg peaks measured with synchrotron X-ray diffraction 
on the thinned wedge brass sample. The near surface residual stress of the WC determined 
with laboratory X-rays (Co radiation) is also indicated [2012Ola]. Legend: ● = substrate in-
plane stress; ○ = WC in-plane stress; ▲ = WC near surface stress (laboratory X-rays).  
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Figure 4.59. In-plane residual stress depth dependence determined from the fitted lattice 
strain results of the {311}Cu Bragg peak measured with neutron diffraction on the 25 x 25 
mm2 brass sample. 
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Figure 4.60. In-plane residual stress depth dependence determined from the lattice strain 
results of the {200}Ni and {101}WC Bragg peaks measured with synchrotron X-ray diffraction 
on the thinned wedge invar sample. The near surface residual stress of the WC determined 
with laboratory X-rays (Co radiation) is also indicated [2012Ola]. Legend: ● = substrate in-
plane stress; ○ = WC in-plane stress; ▲ = WC near surface stress (laboratory X-rays). 
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Figure 4.61. In-plane residual stress depth dependence determined from the fitted lattice 
strain results of the {200}Ni Bragg peak measured with neutron diffraction on the 25 x 25 
mm2 super invar sample. 
 
 
Figure 4.62. In-plane residual stress depth dependence determined from the lattice strain 
results of the {311}Fe-γ and {101}WC Bragg peaks measured with synchrotron X-ray 
diffraction. The near surface residual stress of the WC determined with laboratory X-rays (Co 
radiation) is also indicated [2012Ola]. The substrate coating interface was set at 0 mm. 
Legend: ● = substrate in-plane stress; ○ = WC in-plane stress; ▲ = WC near surface stress 
(laboratory X-rays). 
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To quantify the different contributions associated with the two dominant processing steps, the 
plastic depth strain profiles (eigenstrains) were considered in Figures 4.63-4.65 for the 
respective grit-blasted substrates. The eigenstrain approach is a sensitive parameter, since the 
strain profiles in the samples contain both the elastic strains constrained by the plastic 
deformation, especially near the grit-blast and coated surfaces. Inherent to the systematic 
approach, the eigenstrain for each process contribution could be individually determined by 
subtracting the measured through-thickness residual elastic strain profiles in the as-received 
parent material from each of these samples. The curve (Figures 4.63-4.65) show the plastic 
strain (eigenstrain) profiles associated with the different processing steps for the samples. The 
profile shows similar trend for both grit-blast and as-coated sample on both techniques 
(neutrons and synchrotron X-ray diffraction). 
 
 
Figure 4.63. Plastic strain profiles (eigenstrains) for brass determined from strain results of 
X-ray synchrotron (left) and neutron diffraction (right). Legend: ● = grit blast in-plane 
component; ▲ = grit blast normal component; ○ = as-coated in-plane component; ∆ = as-
coated normal component. 
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Figure 4.64. Plastic strain profiles (eigenstrains) for super invar determined from strain 
results of X-ray synchrotron (left) and neutron diffraction (right).  Legend: ● = grit blast in-
plane component; ▲ = grit blast normal component; ○ = as-coated in-plane component; ∆ = 
as-coated normal component. 
 
                           
Figure 4.65. Plastic strain profiles (eigenstrains) for 304L stainless steel determined from 
strain results of X-ray synchrotron investigations. Legend: ● = grit blast in-plane component; 
▲ = grit blast normal component; ○ = as-coated in-plane component; ∆ = as-coated normal 
component. 
 
Table 4.7 summarises the residual stress results for all the samples of this study determined 
from X-ray diffraction (Table 4.6) and synchrotron XRD. The characteristic of the residual 
stresses are similar. The difference in the respective values is ascribed to the respective 
probing depths. The synchrotron results shown are the average values determined for the WC 
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coating thickness. The X-ray method was limited for the measurement of residual stresses on 
the surface of materials (limited to 2 microns penetration in WC), whilst high energy 
synchrotron X-rays (100 keV enabled at least 2.5mm penetration), with a good gauge volume 
definition to enable depth resolved information. The gauge volume is a trade-off between the 
spatial resolution requirement within the expected strain field and the time available for data 
collection [2012Ros]. 
 
Table 4.7. Summary of materials and residual stress values determined in the substrates and 
HVOF coatings. 
Material CTE (10-6/K) Reflection 
DEC 
(TPa-1) 
Residual stress in 
grit-blast substrates 
(MPa) 
Residual stress in 
as-coated coatings 
(MPa) 
S1 ½S2 XRD SR XRD SR 
WC 
WC-17Co 5.2 {101}WC -0.321 1.707 ---- ---- ---- ---- 
Aluminium 23 {311}Al 
 
-5.05 
 
 
19.462 
 
-160 ± 10 -200 ± 25 -15.7 ± 17 -160 ± 50 
 
Brass 
 
19 {311}Cu -2.902 11.106 -123 ± 10 -303 ± 25 -53.5 ± 28 -40 ± 25 
 
304LStainless steel 
 
17 {311}Fe-γ 
 
-1.598 
 
 
7.034 
 
-159 ± 36 -458 ± 25 24.6 ± 19 22 ± 50 
 
Super invar 
 
≤ 1 {200}Ni -1.910 7.539 -251 ± 10 -695 ± 25 74 ± 31 288 ± 25 
 
104 
 
4.2.3. Residual stress in thin WC-Co coated systems studied by high-precision neutron 
diffraction  
 
4.2.3.1 Introduction  
The aim of this part of the study was to systematically derive the residual stress conditions in 
a system of thin WC-Co coatings on mild steel substrates where the two coefficients of 
thermal expansion were different. The neutron strain scanning investigations were done on 
the KOWARI neutron strain scanner, using a sub millimeter sized gauge volume and paying 
special attention to gauge volume localisation accuracy and treatment of edge effects. 
Investigations were extended to the annealed counterpart samples to examine experimentally 
whether heat-treatment is beneficial for stress relaxation/alteration procedure. 
 
4.2.3.2. Results 
Typical stress profiles measured in the as-prepared grit-blasted, as-sprayed coatings and its 
stress-relieved annealed counterpart are shown in Figures 4.66-4.69. The residual stresses in 
the WC phase coating (Table 4.8) determined under the different conditions were 
compressive, but quite different, for the as-sprayed and heat-treated coated samples. 
However, low tensile stresses were found on the as-sprayed mild steel sample. The results 
show that within the grit-blasted and as-coated sample, the predominant contribution of the 
shot blast surface roughening treatment was clearly evident at the coated near-surface 
position (surface at 0 mm). After annealing, the residual stress due to the cold-work action 
had been completely relaxed. Differences in the gradients of the two curves would be 
ascribed to the influence of the thermal interaction associated with the differences in 
coefficient of thermal expansion (CTE) between the coating and the substrate. 
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Table 4.8. Comparison of residual stresses in WC coatings determined under different 
thermal conditions (experimentally measured directly and predicted from stress balance using 
the measured through thickness stress profiles in the substrates).  
Substrate Condition Experimental 
stress (MPa) 
Predicted stress, 
(MPa) 
 
 
 
Average stress 
(MPa) 
 
Steel as-sprayed 28 ± 334 -36 ± 118  -34 ± 118 
Steel Annealed -490 ± 407 -340 ± 80  -341 ± 29 
Brass as-sprayed -44 ± 107 -47 ± 48  -46 ± 48 
Brass Annealed -367 ± 86 -339 ± 27  -340 ± 26 
Invar as-sprayed N/A N/A  N/A 
Invar Annealed N/A -61 ± 22  N/A 
Aluminium as-sprayed -600 ± 100 -378 ± 50 -379 ± 50 
Aluminium Annealed -880 ± 100 -814 ± 50 -815 ± 50 
 
Figure 4.66 show the residual stress of as-sprayed and heat treated coatings on mild steel. The 
compressive stress induced by the grit-blasting was clearly seen at the near surface region, 
while in the heat treated sample, this feature was eliminated, i.e. stress relieved. 
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Figure 4.66. Experimentally measured through-thickness stress profiles for steel samples in: 
a) as-sprayed and b) annealed conditions at 700°C, also with the profiles measured on the 
substrates only. 
 
The actual residual stresses present in the as-sprayed WC coating on the mild steel was 
determined by the precise point-by-point subtraction of the stress in the “substrate alone” 
grit-blasted sample from the stress profile “coating substrate” system shown in Figure 4.67. 
Stress results of the as-sprayed condition were tensile, while larger compressive stresses were 
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established in the WC coating after heat treatment, because the thermal strains are greater for 
heat-treatment than the as-sprayed condition. 
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Figure 4.67. Experimentally determined through-thickness stress profiles for mild steel 
samples in: a) as-sprayed and b) annealed conditions and model fit of the experimental data.  
 
The typical depth resolved in-plane stress in the as-sprayed and heat treated samples are 
shown in Figure 4.68 for the grit-blasted aluminium substrate. The compressive stress 
induced by the grit-blasting was clearly seen at the near surface region, while it eliminated, 
by stress relieving, in the heat treated sample. 
 
                                       
Figure 4.68. Measured in-plane residual stresses (MPa) in the aluminium substrates: (a) Grit-
blast only sample preparation stage; (b) Grit-blast sample, annealed at 375°C. 
  
(a) (b) 
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Figure 4.69 shows the through-thickness stress profile measured on the WC-coated 
aluminium sample. Compressive stresses were found in the as-sprayed condition, whilst 
larger compressive stresses were found in the WC coating after heat treatment. 
 
            
                      
 
 
Figure 4.69. Measured in-plane residual stresses (MPa) in WC-coated aluminium samples: 
(a) As-coated condition; (b) Annealed at 375°C.  
 
 
 
 
(a) 
(b) 
(a) 
(b) 
108 
 
 
In Figure 4.70, the coating stress values are expressed in terms of strain, so that strain can be 
correlated with thermal mismatch originating from the differences of the thermal expansion 
of the coating and substrate. The coating strains were all negative, and some of the errors 
were very large due to time frame used for the measurement. 
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Figure 4.70. Strains in coated samples of different substrate materials. 
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4.2.4. Effect of heat treatment on the abrasive wear of samples with thermally sprayed 
WC-Co coatings 
 
4.2.4.1. Introduction 
The results reported on here are for the Batch B samples. The aim of this investigation was to 
compare the abrasive wear resistance of as-sprayed HVOF to heat treated HVOF WC-17wt% 
Co coatings on different substrates. 
 
4.2.4.2. Results 
The optical micrographs of the heat-treated coatings cross-sections are presented in Figures. 
4.71-4.73. The microstructure of all the coatings was similar and typical for spray coatings. 
The microstructure of the heat-treated coating on the brass substrate shown in Figure 4.71 
showed no gap between the coating and an irregular interface, with a good fit between 
coating and the irregular surface of the substrate. No peeling was observed at the interface 
between the coating and the substrate. The porosity of these coatings was very low, and no 
unmelted particles were observed. 
 
                              
Figure 4.71. Optical micrograph of cross-section of the annealed WC-17wt% Co coating 
(bottom) on brass, showing the no gap between the coating and irregular surface (shown by 
arrow). 
 
For the heat-treated coating on the mild steel substrate shown in Figure 4.72, the main 
features were holes, microcracks and a good fit between the coating and the irregular surface. 
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The black region in the coating-substrate interface is the alumna used for the grit-blasting, 
which was also found by Machio [2005Mac]. Long cracks were seen in the coating, roughly 
parallel to the coating-substrate interface. These cracks caused the relaxation in residual 
stress after heat treatment, although they did not weaken the bonding between coating and 
substrate because they are perpendicular to the coating thickness. In-addition, the coating 
thicknesses were very even. No peeling was observed at the interface between the coating 
and the substrate. The porosity of these coatings was very low, and no unmelted particles 
were observed. 
 
                                
Figure 4.72. Optical micrograph of cross-section of annealed WC-17wt% Co coating 
(bottom) on mild steel substrate, showing holes, microcracks and the good fit between 
coating and irregular surface. The black area on the image is the alumna used for grit-blasted. 
 
The microstructure of the heat-treated coating on super-invar substrate (Figure 4.73) had 
holes, microcracks and the good fit between the coating and the irregular substrate surface. 
The black area in the coating-substrate interface was alumna that was used for grit-blasting, 
as also observed by Machio [2005Mac]. No peeling was observed at the interface between 
the coating and the substrate. The porosity was very low, and no unmelted particles were 
observed. 
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Figure 4.73. Optical micrograph of cross-section of annealed WC-17wt% Co coating 
(bottom) on super-invar, showing holes and good fit between coating and irregular surface. 
The black area in the coating-substrate interface is the alumna used for grit-blasted. 
 
Typical thermal spray microstructures were captured by the scanning electron microscope 
(Figures 4.74-4.78). These figures show main features of the coatings, highlighting the 
difference between them. Unlike in optical micrographs, the WC can be differentiated by its 
brighter contrast. EDX analyses showed that all the annealed coatings were composed of W, 
Co and C. The annealed coating on aluminium is shown in Figure 4.74. The noticeable 
features showed pores (black), equiaxed WC embedded in a Co binder, and fine particles. 
 
   
Figure 4.74. SEM-BSE images of cross-sections of annealed WC-17% Co coating on 
aluminum, showing WC (light), cobalt binder (medium), pores (black), microcracks and 
coating interface (right side). 
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Figure 4.75 shows the microstructure of the annealed coating on the brass substrate. Major 
features included holes, microcracks and a good coating-substrate fit. There was no peeling at 
the interface. The porosity was fairly low, with no discernable unmelted particles. 
 
     
Figure 4.75. SEM-BSE images of cross-sections of annealed WC-17% Co coating on brass, 
showing WC (light), cobalt binder (medium), pores (black), microcracks and coating 
interface (right side). 
 
The microstructure of the annealed coating on the mild steel substrate is shown in Figure 
4.76. It had the following noticeable features: holes, lamellar structures, microcracks, carbide 
pull-out and a good fit between the coating and the irregular substrate surface. No peeling 
was observed at the interface. There was fairly low porosity, and no unmelted particles were 
observed. 
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Figure 4.76. SEM-BSE images of cross-sections views of annealed WC-17% Co coating on 
mild steel, showing WC (light), cobalt binder (medium), pores (black), microcracks, carbide 
pull-out and coating interface (right side). 
 
From the microstructure of the annealed coating on the super-invar substrate shown in Figure 
4.77, the main features were microcracks, carbide pull-out and a good fit between the coating 
and irregular surface of the substrate. The carbide pull-out was determined as being due to the 
combined effect of temperature and coefficient of thermal expansion of the coating. No 
peeling was observed at the coating-substrate interface. There was some porosity, with no 
discernable unmelted particles. 
 
     
Figure 4.77. SEM-BSE images of cross-sections of annealed WC-17% Co coating on super-
invar, showing WC (light), cobalt binder (medium), pores (black), microcracks, carbide pull-
out (right side). 
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The microstructure of the annealed coating on the 304L stainless steel substrate (Figure 4.78) 
had finer carbide distribution, microcracks and a good fit between the coating and the 
irregular surface. No peeling was observed at the interface between the coating and the 
substrate. The porosity of these coatings was low, and no unmelted WC particles were 
observed. 
 
   
Figure 4.78. SEM-BSE images of cross-sections of annealed WC-17% Co coating on 304L 
stainless steel substrate, showing WC (light), cobalt binder (medium), pores (black), 
microcracks, carbide pull-out and coating interface (right side). 
 
The grain sizes of the as-sprayed and annealed coatings are shown in Table 4.9. They were 
generally small, but different. Noticeable reductions in size after heat-treatment were found, 
despite the same starting powder having been used as the feedstock. 
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Table 4.9. Properties of the as-sprayed and annealed WC-17Co coatings. 
Material Conditions Hardness 
HV5 (GPa) 
Substrate 
HV5 (GPa) 
Porosity (%) WC grain 
size (µm) 
304L 
Stainless 
steel 
As-
sprayed 
coating 
9.11±0.01 
 
1.74±0.02 
 
0.463±0.200 
 
1.14±0.20 
 
Annealed 
coating 
6.35±0.01 1.69±0.01 0.163±0.020 0.98±0.20 
Super-
invar 
As-
sprayed 
coating 
7.63±0.01 
 
1.35±0.01 
 
0.863±0.200 
 
0.82±0.20 
 
Annealed 
coating 
7.54±0.01 1.34±0.01 0.762±0.010 0.63±0.20 
Mild steel 
 
 
As-
sprayed 
coating 
7.01±0.01 1.25±0.01 
 
0.570±0.100 
 
1.07±0.20 
Annealed 
coating 
7.80±0.01 1.21±0.01 0.368±0.020 1.01±0.20 
Aluminum 
 
 
As-
sprayed 
coating 
8.55±0.01 1.45±0.01 
 
0.618±0.100 
 
0.94±0.20 
Annealed 
coating 
5.73±0.01 0.74±0.01 0.408±0.010 0.76±0.20 
Brass 
 
 
As-
sprayed 
coating 
6.60±0.01 1.29±0.01 
 
0.630±0.100 
 
1.00±0.20 
Annealed 
coating 
6.14±0.01 0.86±0.02 0.427±0.010 0.83±0.20 
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Figures 4.79-4.81 show XRD patterns of the as-sprayed (bottom spectrum), and heat-treated 
WC-Co coating (top spectrum) for the different substrates. The layers in both conditions had 
similar phases to the feedstock (Figure 4.2), the main peaks being tungsten carbide (WC) and 
cobalt (Co), while more secondary eta phase was found on heat-treated mild steel. 
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Figure 4.79. XRD patterns of the as-sprayed and annealed WC-17Co coatings on 304L 
stainless steel. 
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Figure 4.80. XRD patterns of the as-sprayed and annealed WC-17Co coatings on super-
invar. 
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Figure 4.81. XRD patterns of the as-sprayed and annealed WC-17Co coatings on brass. 
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Figure 4.82. XRD patterns of the as-sprayed and annealed WC-17Co coatings on mild steel. 
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Figure 4.83. XRD patterns of the as-sprayed and annealed WC-17Co coatings on aluminum. 
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A summary of the coating and substrate hardness values for the as-sprayed and annealed 
conditions are show in Table 4.9 and Figure 4.84. The results indicate a much higher 
macrohardness for the coatings compared to the substrates, as expected since these are 
hardmetal coatings. In the as-sprayed coatings, the coating on 304L stainless steel was harder 
than the other coated samples. After annealing, a noticeable reduction of macrohardness was 
found in all the samples except for the as-sprayed mild steel. This is ascribed to the eta phase 
being present on the as-sprayed coating on mild steel. 
 
               
Figure 4.84. Macrohardness values of as-received substrate, as-sprayed and annealed WC-Co 
coating and the different substrates. 
 
Figures 4.85 and Table 4.10 present the residual stress results measured by X-ray diffraction 
of the grit-blasted substrate, annealed grit-blasted substrate, as-sprayed coatings, and 
annealed as-sprayed coatings. The elastic constants used in the determination of the stress 
values are shown in Table 3.6. Analyses of the different conditions were carried out to 
identify the contribution of each process in the coating. The natures of the residual stresses 
were tensile in the as-sprayed coatings except for coated aluminum that is compressive, 
whilst compressive were found in other conditions. These results indicate that the residual 
stress in the as-sprayed coatings changed significantly due to the annealing treatment. 
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Table 4.10. Residual stress and abrasive wear results of coatings and different substrates  
subjected to various conditions 
   Substrate Conditions Residual Stress 
(MPa) 
Wear mass loss (g) 
 
 
 
 
304L Stainless steel 
Grit blasted sample 
 
Annealed grit blasted 
 
As-sprayed coating 
 
Annealed  coating 
 
Substrate 
-158.5±35.8 
 
-174.9±18.1 
 
24.6±18.6 
 
-206.9±18.4 
 
Not measured 
0.602±0.010 
 
Not measured 
 
0.066±0.010 
 
0.035±0.010 
 
1.430±0.010 
 
 
 
 
Super-invar 
Grit blasted sample 
 
Annealed grit blasted 
 
As-sprayed coating 
 
Annealed  coating 
 
Substrate 
-250.9±7.7 
 
-53.1±7.5 
 
111.1±17.3 
 
-106.5±15.1 
 
Not measured 
0.569±0.010 
 
Not measured 
 
0.161±0.010 
 
0.138±0.010 
 
1.183±0.010 
 
 
 
 
Aluminum 
Grit blasted sample 
 
Annealed grit blasted 
 
As-sprayed coating 
 
Annealed  coating 
 
Substrate 
-160±8.4 
 
-83±17.9 
 
-15.7±17.0 
 
-113.4±18.4 
 
Not measured 
0.278±0.010 
 
Not measured 
 
0.057±0.010 
 
0.039±0.010 
 
0.471±0.010 
 
 
 
 
Brass 
Grit blasted sample 
 
Annealed grit blasted 
 
As-sprayed coating 
 
Annealed  coating 
 
Substrate 
-123.6±2.7 
 
-67.0±5.9 
 
36.0±17.5 
 
-11.8±15.3 
 
Not measured 
0.653±0.010 
 
Not measured 
 
0.073±0.010 
 
0.081±0.010 
 
1.558±0.010 
 
 
 
 
Mild steel 
Grit blasted sample 
 
Annealed grit blasted 
 
As-sprayed coating 
 
Annealed  coating 
 
Substrate 
-171.5±22.5 
 
-40.3±35.2 
 
30.5±19.1 
 
-95.6±18.6 
 
Not measured 
0.617±0.010 
 
Not measured 
 
0.084±0.010 
 
0.179±0.010 
 
1.129±0.010 
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Figure 4.85. Residual stress of WC-17Co coating and substrate under different conditions. 
 
Figures 4.86-4.89 show the abrasive wear mass loss of the as-received substrates, grit-blasted 
substrate, as-sprayed coatings, annealed coatings with the final wear rates shown in Figure 
4.90 (with no error bars shown, as the errors were small [Table 4.10]). This was done to 
systematically characterize the integrity of the coating after the wear measurements, as well 
as to investigate the effect of silica sand on the coated surfaces. The results (Table 4.10) show 
the contribution of each process step to the wear resistance of the coating. A 45 - 50% 
reduction in the wear resistance of the substrate in the grit blasted condition compared to the 
as-received substrates were found, whereas the wear resistance of the as-coated substrates a 
reduction of about 80 - 95% in compared to the as-received substrate was found. 
 
The substrate wear is shown in Figure 4.86 and the wear rates in Figure 4.90. The 
investigation was done on the substrate to ascertain the support given by the substrate to the 
wear resistance. The wear mass losses increased with time, and were parabolic. The brass 
substrate had the highest mass loss, with an apparent peak in pull-out before 10 minutes, 
followed by the 304L stainless steel substrate. The peak in mass loss in the brass specimen is 
most likely a measurement error, since it is highly unlikely that materials would be removed 
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and then replaced. The aluminum substrate gave the best wear resistance, due to precipitation 
hardening in the alloy, while super-invar and mild steel substrate were in the middle. 
 
 
Figure 4.86. Abrasive wear mass loss of the as-received substrates. 
 
The effect of grit-blasting on the wear resistance of the substrate samples was studied. A 
general trend of increasing mass loss with time, in a parabolic mode (Figures 4.87 and 4.90) 
was seen for all the grit-blasted substrate samples. The grit-blasted brass consistently had the 
highest average mass loss. Grit blasted 304L stainless steel, mild steel and super-invar 
substrate samples showed similar trends of parabolic wear rate. The grit-blasted aluminum 
substrate had the lowest mass loss after 30 minutes. 
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Figure 4.87. Abrasive wear mass loss of the grit-blasted substrates. 
 
The abrasion resistance of the as-sprayed coatings on the different substrates is shown as 
mass loss results in Figure 4.88. The highest mass loss was recorded for the coated super-
invar substrate. The coated mild steel substrate and brass substrates had similar mass losses 
within experimental error. The mass losses for the coated aluminium and 304L stainless steel 
substrates were similar, and lowest. 
 
 
Figure 4.88. Abrasive wear mass loss of the WC-17Co as-coated deposits substrates. 
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The mass loss results of the annealed coated samples are shown in Figure 4.89, with a similar 
trend of increasing mass loss with time. The annealed coatings on mild steel had the highest 
average mass loss, and annealed coatings on brass and super-invar had similar trends, lying in 
the middle, despite their differences in hardness. The annealed coatings on 304L stainless 
steel and aluminium gave the best wear resistances, despite the differences in their hardness. 
 
 
Figure 4.89. Abrasive wear mass loss of the annealed WC-17Co coatings on the different  
substrates. 
 
The wear rates of the substrates of different conditions are shown in Figure 4.90. There was a 
45 - 50% reduction in the wear resistance of the substrate in the grit-blasted condition 
compared to as-received condition, whereas the coated substrates showed a wear resistance 
which was about 80 – 95% better than the substrate. 
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Figure 4.90. Summary of the wear rates of the different as-received substrates and WC-Co 
coatings under different conditions. 
 
To understand the wear behaviour of the coatings, the wear scars of samples under different 
conditions were examined using SEM-SE, and the worn surfaces are shown in Figures 4.91 to 
4.110. Similar wear features were observed on the five worn substrate surfaces (Figures 4.91-
4.95). The damage was largely by plastic deformation. EDX showed that SiO2 particles had 
become embedded in the substrate. The worn surface of the super-invar as-received substrate 
is shown in Figure 4.91, with plastic deformation, embedded silica sand (e.g. shown by 
arrow) small pits and deep grooves. 
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Figure 4.91. SEM-SE micrographs of the worn super-invar as-received substrate, revealing 
plastic deformation (1), silica sand (shown by arrow) with small pits and deep grooves (2). 
 
Figure 4.92 shows the surface of the worn mild steel as-received substrate. There was plastic 
deformation, with trapped silica sand (shown by arrow), small pits and deep gauges. 
 
 
Figure 4.92. SEM-SE micrographs of the worn mild steel as-received substrate, revealing 
plastic deformation (1), silica sand (shown by arrow) with small pits (2) and grooves (3). 
 
Similar to the other samples, the worn surface of the brass as-received substrate, Figure 4.93, 
had plastic deformation, embedded silica sand (arrow), with small pits and deep gauges. 
 
1 
1 2 
2 
3 
1 
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Figure 4.93. SEM-SE micrographs of the worn brass as-received substrate, revealing plastic 
deformation (1), silica sand (indicated by arrow), deep grooves (2) and small pits. 
 
The surface of the worn 304L stainless steel as-received substrate is shown in Figure 4.94. 
The major features were plastic deformation, entrapped silica sand abrasive (shown by 
arrow), together with small pits and deep grooves. 
 
   
Figure 4.94. SEM-SE micrographs of the worn 304L stainless steel as-received substrate, 
revealing plastic deformation (1), deep grooves and small pits (2). 
 
The worn surface of the aluminium as-received substrate (Figure 4.95) had plastic 
deformation, embedded silica sand abrasive (indicated by arrow), small pits and deep 
grooves. 
 
1 
2 
2 
1 
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Figure 4.95. SEM-SE micrographs of the worn aluminium as-received substrate, revealing 
plastic deformation (1), silica sand (shown by arrow) with small pits (2). 
 
Figures 4.96-4.100 show the worn surfaces of the grit-blasted samples, which experienced 
plastic deformation. Some SiO2 particles were embedded into the substrates of all the grit-
blasted samples. The abraded surfaces of the grit-blast samples indicated extensive damage, 
with large patches of the abraded surface beginning to delaminate.  Figure 4.96 shows the 
worn surface of the grit-blasted mild steel substrate. There was plastic deformation and 
embedded silica, although the degree of plastic deformation was less than the worn surface of 
the as-received substrate due to the effect of work hardening of the grit-blasted surface. 
 
                        
Figure 4.96. SEM-SE micrograph of the worn grit-blasted mild steel substrate, revealing 
plastic deformation and silica sand (shown by arrow). 
 
1 
2 
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The worn surface of the worn grit-blasted 304L stainless steel substrate is shown in Figure 
4.97. The noticeable features were plastic deformation and embedded silica sand. 
 
                    
Figure 4.97. SEM-SE micrograph of the worn grit-blasted 304L stainless steel substrate, 
revealing plastic deformation and silica sand (shown by arrow). 
 
The worn surface of the grit-blasted brass substrate shown in Figure 4.98 exhibited plastic 
deformation and trapped silica sand. 
                            
Figure 4.98. SEM-SE micrograph of the worn grit-blasted brass substrate, revealing plastic 
deformation, deep grooves and silica sand (shown by arrow). 
30μm 
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The worn surface of the grit-blasted aluminium substrate (Figure 4.99) had plastic 
deformation, entrapped silica sand, and a small pit. 
 
                         
Figure 4.99. SEM-SE micrograph of the worn grit-blasted aluminum substrate, revealing 
plastic deformation, deep grooves, silica sand (shown by arrow) with small pits. 
 
The worn surface of the worn grit-blasted super-invar substrate is shown in Figure 4.100. The 
noticeable features were plastic deformation. 
 
                       
Figure 4.100. SEM-SE micrograph of the worn grit-blasted super-invar substrate, revealing 
plastic deformation. 
Small pits 
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On the as-sprayed coatings, similar wear features were found on the worn surfaces (Figures 
4.101-4.105). The worn surface of the coated 304L stainless steel substrate (Figure 4.101) 
had fragmented carbides and fewer cracked carbides than the other samples, as well as fewer 
gauges in the abrasion direction. The gauges were made by the SiO2 abrasive. 
 
   
Figure 4.101. SEM-SE micrographs of the worn WC-17Co coating surface on 304L stainless 
steel, showing fragmentation of carbides, and pull-out of carbides as a result of binder 
removal. 
 
Figure 4.102 shows the worn surface of the coated aluminium substrate. The following were 
observed: fragmented carbides, microcracking, pull-out of carbides as a result of binder 
removal, and parallel gauges in the direction of abrasion. 
132 
 
 
          
Figure 4.102. SEM-SE micrographs of the worn WC-17Co coating surface on aluminium 
substrate, showing fragmentation of carbides, microcracking and pull-out of carbides as a 
result of binder removal. 
 
The worn surface of the coated mild steel substrate is presented in Figure 4.103. The 
noticeable features were fragmentations of high relief carbides, cracking, and pull-out of 
carbides as a result of binder removal. 
 
   
Figure 4.103. SEM-SE micrographs of the worn WC-17Co coating surface on mild steel, 
showing fragmentation of high relief carbides, cracking, pull-out of carbides due to binder 
removal. 
 
The worn surface of the coated brass substrate (Figure 4.104) had fragmented carbides, 
microcracking, pull-out of carbides due to binder removal, high relief carbides and holes. 
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Figure 4.104. SEM-SE micrographs of the worn WC-17Co coating surface on brass, 
showing fragmentation of carbides, microcracking, pull-out of carbides due to binder 
removal, high relief carbides and holes. 
 
The worn surface of the coated super-invar substrate shown in Figure 4.105, had 
microcracking, fragmented carbides, pull-out of carbides as a result of binder removal and 
gauges. The gauges were from the SiO2 particles used as abrasive, or possibly the WC debris. 
 
     
Figure 4.105. SEM-SE micrographs of the worn WC-17Co coating surface on super-invar, 
showing fragmentation of carbides, cracking and pull-out of carbides due to binder removal 
and groove formation. 
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In order to assess the abrasive wear behavior of the annealed thermal sprayed WC-Co 
coatings, the samples were examined using SEM. Figures 4.106-4.110 provide typical SEM 
micrographs of abraded surfaces of WC-17Co coatings. The worn surface of annealed coated 
sample of aluminum (Figure 4.106) shows in relief WC, fragmentation of carbides and 
microcracking. 
 
   
Figure 4.106. SEM-SE micrographs of the worn annealed WC-17Co coating surface on 
aluminum, showing fragmentation of carbides, cracked WC grains, and pull-out of carbides 
due to binder removal. 
 
The worn surface of annealed coated 304L stainless steel (Figure 4.107) showed 
fragmentation of WC, cracked WC grains and pull-out of carbides, due to binder removal. 
 
   
Figure 4.107. SEM-SE micrographs of the worn annealed WC-17Co coating surface on 304L 
stainless steel, showing fragmentation of carbides, cracked WC grains and pull-out of 
carbides due to binder removal. 
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The worn surface of annealed coated brass (Figure 4.108) had more fragmentation of 
carbides, smearing, pull-out of carbides, microcracking and trapped SiO2 particles. 
 
  
Figure 4.108. SEM-SE micrographs of the worn annealed WC-17Co coating surface on 
brass, showing fragmentation of carbides, cracking, smearing (shown by arrow), high relief 
carbides and pull-out of carbides due to binder removal. 
 
Figure 4.109 shows the worn surface of the annealed coating on mild steel. The noticeable 
features were fragmentation of carbides, smearing, microcracking, and pull-out of carbides 
due to binder removal. 
 
   
Figure 4.109. SEM-SE micrographs of the worn annealed WC-17Co coating surface on mild 
steel, showing fragmentation of carbides, microcracking, smearing (shown by arrow), pull-
out of carbides due to binder removal. 
136 
 
Figure 4.110 shows the worn surface of the annealed coating on super-invar. There was 
fragmentation of the carbides, microcracking, and pull-out of the carbides due to binder 
removal. 
 
   
Figure 4.110. SEM-SE micrographs of the worn annealed WC-17Co coating surface on  
super-invar, showing fragmentation of carbides, microcracking and pull-out of carbides 
(shown by arrow) due to binder removal. 
 
Overall, the abraded surfaces of the annealed coated samples were very similar, except that 
the WC particles were cracked, and sometimes pulled-out (shown by arrows in Figures 4.108 
- 4.110). In the case of cracking in the coatings, the soft Co binder was first preferentially 
removed by the abrasion, resulting in the WC standing proud. At this stage, the abrasive 
particles repeatedly impacted the WC, and these repeated stressing caused the WC to crack, 
rather than the carbides being pulled out of the matrix. The probable reason could be that the 
bonding between the WC and Co binder in those regions was very strong. As a result, the 
fragments of WC were continuously removed as debris and the rate of removal of the WC 
controlled the overall abrasion rate. However, in the regions where pull-out was observed, the 
bonding between the WC and Co binder phase was weaker (due to the porosity) in the 
coatings. Thus, repeated stressing of the WC by abrasive impact causes pull out of the entire 
WC well before the WC can be cracked (2010Babu). 
 
Correlation between the structure (substrate properties) of the materials and residual stress 
determined by X-ray diffraction were shown in Figures 4.111- 4.115 (with no error bars 
Free carbide 
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shown on brass substrate, as the errors were small [Table 4.10]). The residual stress 
decreased with increasing coefficient of thermal expansion (Figure 4.111), slightly increased 
with increasing substrate melting point (Figure 4.112), decreased with increase in specific 
heat capacity (Figure 4.113), slightly increased with increasing specific heat capacity (Figure 
4.114). Conversely, residual stress after heat treatment increased with increasing coefficient 
of thermal expansion (Figure 4.115). 
 
The relationship between the wear loss and substrate properties are shown in Figures 4.116-
4.119 (with no error bar shown, as the errors were small [Table 4.10]). No discernable 
relationship could be seen between wear loss and coefficient of thermal expansion (Figure 
4.116). With increasing substrate melting point, the wear loss increases with a possible 
maximum at ~1100ºC (Figure 4.117). No relationship exists between the wear loss and 
microhardness (Figure 4.118). Whilst, the wear loss decreased with increasing specific heat 
capacity (Figure 4.119), the wear loss on aluminum was very low. 
 
      
 
 
 
 
 
 
 
Figure 4.111. Correlation between the 
coefficients of thermal expansion and 
residual stresses of grit-blasted 
substrates 
 
Figure 4.112. Correlation between the 
melting point and residual stresses of 
the grit-blasted substrate samples. 
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Figure 4.113. Correlation between the 
specific heat capacity and residual 
stresses of the grit-blasted substrate 
samples. 
 
Figure 4.114. Correlation between the 
specific heat capacity and residual 
stresses of the annealed grit-blasted 
substrate samples. 
 
Figure 4.115. Correlation between the 
coefficient of thermal expansion and 
residual stresses of the annealed grit-
blasted substrate samples. 
 
Figure 4.116. Correlation between the 
substrate coefficients of thermal 
expansion and wear loss, showing no 
discernable relationship. 
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There was a correlation between the wear loss and the coating residual stress determined by 
neutron diffraction, as shown in Figure 4.120. Except for the heat treated mild steel sample, 
the samples with the lowest residual stress experienced the highest wear loss. Thus, the least 
Figure 4.117. Correlation between the 
melting temperature and wear mass 
loss, showing a possible maximum at 
~1100ºC. 
 
Figure 4.118. Correlation between the 
substrate macrohardness and wear 
loss. 
 
Figure 4.119. Correlation between the 
substrate specific heat capacity and 
wear loss of the substrates. 
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residual stress and highest wear was for super-invar, and the highest residual stress and 
lowest wear was for aluminium. 
 
          
          
Figure 4.120. Correlation between residual stress (upper graph) and wear loss (bottom graph) 
of the as-sprayed and heat treated samples. 
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CHAPTER 5: DISCUSSION 
 
5.1. Batch A (Commercial samples) 
 
5.1.1. Effect of substrates on the microstructure of thermally sprayed WC-17wt% Co 
coating 
The phases, grain size and morphology of WC-Co powder affected the mechanical properties 
of the coatings. The highest hardness was achieved for the aluminium as-coated substrate that 
contained the phases WC, Co and W2C. The lowest coating hardness was observed for super-
invar, which contained the phases WC, W3C and Co. The coating on 304L stainless steel 
substrate also contained W3C, but its effect did not appear to be as great as in super-invar. It 
appeared that W3C was detrimental to hardness, whereas W2C was not. Di Maio et al. 
[2005Mai] measured the microhardness of W2C as 2980 ± 100kg.mm-2 and W3C as 2650 ± 
100kg.mm-2, but were not determined in the current work. Stewart et al. [2000Ste] found that 
W2C formed on splat quenching and was caused by dissolution of WC in the Co matrix. 
Bouaricha et al. [2004Bou] reported that microhardness would be closely related to a 
coating`s porosity level and degradation of the carbide phase during spraying. Several 
secondary phases appeared in the as-sprayed coatings, despite their absence in the starting 
material [2000Ste, 2006Cel]. 
 
It was expected that the hardness would decrease with increasing grain size in line with the 
Hall-Petch relationship, but this was not conclusive, with the small amount of data and large 
scatter (Figure 4.13). However, hardness decreased with increasing porosity, as expected 
(Figure 4.14). The microhardness increased with increasing coefficient of thermal expansion 
(Figure 4.15). Thus, coating hardness depends on microstructural features, such as the level 
of porosity and residual stress resulting from the coating technique. The porosities were 
below 0.7%, similar to the work of Zhao et al. [2004Zha]. The variations in porosity values 
across the different coatings might result from fuel gas flow differences during coating 
preparation, as observed by Arturas [2005Art], since the substrate material were different. 
The effect of flame conditions on the microstructure of the nanostructured WC-12Co coating 
was investigated by Wang et al. [2004Wan2] who found that the microstructure was 
significantly influenced by the ratio of the oxygen to fuel flow. Under conditions of lower 
oxygen/fuel ratios, the nanostructured coating presented a relatively dense microstructure and 
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severe decarburization of WC phase occurring during spraying. With increased oxygen 
flow/fuel flow ratios, the bonding of WC particles in the coating became less and the 
decarburization of WC-Co reduced, owing to limited heating to the powder. 
 
The processing parameters could have had an effect [2005Art, 2006Dan] on the coatings of 
this study, since different parameter yield different coating properties. The surface 
roughnesses were expected to be good due to grit blasting the substrate before coating. 
However, microhardness increases with increasing surface roughness (Figure 4.16). With 
increasing melting temperature, the surface roughness decreased (Figure 4.17). Similarly, 
surface roughness increases with increasing coefficient of thermal expansion (Figure 4.18). 
 
The differences observed in the coating results, such as size of WC grains, roughness, 
hardness, and new phases, occurred despite using same powder as a feedstock. These 
differences were deduced to be due to: the influence of substrate on coating; the properties of 
each substrate, which played a crucial role in the cooling rate of the samples after the coating 
deposition. The processing parameter of the coating techniques and substrates might have 
influenced the occurrence of the secondary carbide phases appear in the as-sprayed coating 
[2005Art]. 
 
In summary, the structure of WC-Co coatings sprayed by HVOF on different substrates gave 
different properties, despite using the same powder (WC-17 wt% Co) as feedstock. The 
occurrence of small amounts of W2C and W3C phases after coating could not be explained 
due to the substrate melting temperature as the decarburization occurred at both the lowest 
and the highest substrate melting temperatures. However, since the approach with this 
research was to characterize coatings on different substrates resulting from the standard 
individual HVOF coating procedure, the coating procedure was not strictly monitored or 
optimised. 
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5.1.2. X-ray diffraction measurement of residual stress in WC-Co thermally sprayed 
coatings onto metal substrates 
From the literature it is known that the stress states of bulk WC-Co material were is 
compressive in the WC component, with the Co binder phase being in tension [2003Coa]. 
This is due to the lower coefficient of expansion of the Co binder than WC. The experimental 
results of the residual stresses in as-sprayed coatings for WC plane were quite different from 
each other (Figure 4.23), despite the same powder being used as the feedstock. There was a 
large variation in the residual stresses, albeit with large errors, and these did not appear to be 
related to coating hardness. These variations in the residual stresses might have been due to 
the following mechanisms:  
 
(1) differences in coefficient of thermal expansion, 
(2) decomposition of WC, 
(3) specific heat capacity of the respective substrate, 
(4) kinetic impact of the particle on the substrate during the HVOF process, caused by the 
heat transport from the coating to the substrate; as all play a crucial role in cooling and 
solidification of the coating after deposition (Table 3.2), 
(5) process parameters, and 
(6) surface morphology. 
 
Wenzelburger et al. [2006Wez] reported that differences in residual stresses of coated 
systems can be attributed to four mechanisms: 
(1) melting behaviour of the spray particles in the hot gas jet, 
(2) impulse transfer of the impinging particles to the component surface, 
(3) heating of the component due to heat transfer from the particles and from the gas jet, and 
(4) the differences in thermal expansion of the coating material and the substrate. 
 
Even without coating, laboratory X-ray measurements of WC-Co, particularly with Co or Cr 
radiation, will indicate surface stress, which is due to relaxation of the bulk thermal 
microstress, as shown by Krawitz et al. [1985Kra]. They demonstrated that using X-ray 
diffraction to measure the bulk thermal microstress is flawed, due to the geometric rotation 
and limited penetration depth. Thus, to compensate, the different contributions to the stresses 
need to be identified. For example, the unstressed values of the free WC is needed as well as 
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the coating, meaning that the d-zero of the loose powder or coating flakes must be measured. 
Another mechanism is to measure the stress while sequentially removing the substrate. The 
residual stress of the loose WC-17Co powder used for this research was determined as -3.8 ± 
18.6 MPa. This was a very small value, and well within the range of ±18 MPa expected for 
powder, found by Prevey [1996Pre]. However, the values of the residual stresses present in 
the coatings were very low. This could be due to flaws in the coating [1985Kra], localised 
microcracking within the coatings, surface roughness, as well as surface stress relaxation.  
 
The as-sprayed coatings’ residual stresses could be either tensile or compressive, depending 
on the difference between the coefficient of thermal expansion of the substrate material and 
comparison to that of coatings. The as-sprayed coating on super-invar produce a residual 
stress that was tensile and the rest were compressive, despite same powder and application 
process. This might be due to the following reasons: 
(1) lower thermal coefficients expansion of super-invar substrate (Table 4.1) to WC coatings; 
(2) microcracking due to residual stresses developed in the coating (Figure 4.9). These could 
act as stress concentrators that have lead to stress relaxation due to cracking, 
(3) high porosity and secondary phases (e.g. W3C) were found on the as-sprayed coating on 
super-invar (Table 4.1 and Figure 4.2. The exact amount of W3C on the surface was not 
known. Pejryd et al. [1995Pej] used modified layer-removal techniques to determine the 
through-thickness residual stress distribution present in the coatings. Coatings of WC-Co/Cr 
and WC-Co were deposited by HVOF process on a Ti-6Al-4V substrate. The residual stresses 
in the WC-Co/Cr coating were tensile, and compressive in the substrate near the surface. 
Conversely, the results of the WC-Co coatings were opposite to the system WC-Co/Cr, 
showing compressive stresses in the coating and tensile stresses in the substrate, despite 
similar processing and coating compositions. 
 
Moderate compressive stresses found in as-sprayed coatings on brass, 304L stainless steel 
and aluminium substrates showed a greater effect of the peening mechanism of stress 
formation than thermal quenching. The peening effect (work hardening) resulted from 
bounced-off alumna particle. The addition of alumna to the substrate helps improving the 
coating deposition (Figure 4.21). Because alumna only plays a role during peening, roughen 
the substrate surface in preparation of the deposition and increased the adhesion of the 
coating on the substrate. Amirhaghi et al. [2001Ami] reported that both the thermal and the 
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intrinsic (from the coating process) stresses can contribute to the total residual stress in the 
coating. Intrinsic stresses can arise from impurities.  
 
Many factors and parameters can affect the properties of the coatings, and make it 
increasingly difficult to directly compare results of coatings from other sources. Factors such 
as feedstock powder, spraying conditions, equipment, process parameters and substrates can 
all lead to large changes in the microstructure of the coating. Stewart et al.[1998Ste] found 
tensile residual stresses of 219±12 MPa for a WC-17Co coating deposited on a mild steel 
substrate. 
 
From the current work, a coating with low compressive residual stress (approximately 
150MPa) would not cause a problem, such as spallation, because the stress would not be 
close to the yield strength of the coating. Conversely, the coating with a tensile stress coated 
super-invar, experienced microcracking and spallation failures that would be detrimental in 
service. 
 
The coating microhardness increased with increasing coefficients of thermal expansion 
(Figure 4.15), despite secondary phases (W2C and W3C) being found on as-sprayed coating 
on aluminum and super-invar. Here, the different phase hardnesses (WC: 2350 ± 100kgmm-2 
[1985Vin], W3C: 2650 ± 100kgmm-2 and W2C: 2980 ± 100kgmm-2 [2005Mai]) did not 
appear to have an effect, and this was probably due to the small amounts of W2C and W3C. 
The residual stresses for super-invar, with a coefficient of thermal expansion 1.2 was tensile, 
but with increasing coefficients of thermal expansion, the nature changed to compressive, and 
subsequently increased (Figure 4.22). With increasing the specific heat substrate capacity, 
nature of residual stress changed to compressive and subsequently increased (Figure 4.23). 
(However, there were only four data points.) 
 
The experimental results using a reflection of {112}WC showed that the residual stresses were 
quite different (Table 4.4). The compressive nature had a beneficial effect on the coating’s 
adhesion and mechanical properties [2008San]. The reason for the compressive stress in the 
coated samples were the same as discussed for the reflection {202}WC. There was a large 
variation in the residual stresses with large errors, and these did not appear to be related to the 
coating hardness, nor to the difference between the coating and substrate hardness or surface 
roughness. 
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No relationship could be seen with melting point and residual stress (Figure 4.24). The 
residual stress increased with increasing coefficient of thermal expansion (Figure 4.25). With 
increasing specific heat capacity, the residual stress increased (Figure 4.26). However, there 
are only four data points, so a relationship was difficult to discern. 
 
The calculated penetration depth of Co-Kα radiation was 3-4μm in WC. Therefore, X-ray 
diffraction analysed a near surface layer. The results could be an advantage for predicting 
near-surface residual stress changes in WC-cermets due to frictional and sliding wear, where 
the wear mechanisms, such as ploughing, abrasion etc. are related to very near-surface 
changes [Ola2012].  
 
In summary, the residual stresses for reflection {202}WC were compressive on as-sprayed 
coatings on brass, 304Lstainless steel and aluminium, whilst tensile stress was found on the 
coated super-invar despite the same powder being used as feedstock. The differences in the 
stress results, although small, were due to the role played by the coefficient of thermal 
expansion of each substrate during cooling. Microcracks were found in the coating on super-
invar, which had a tensile residual stress, while the samples with compressive residual stress 
had no micro-cracks. A strong link exists between the residual stresses results and 
microstructure (in terms of nature of residual stress), as the microcracks found in the coated 
super-invar causes stress relaxation that yield tensile stress. The residual stress of the 
reflection {112}WC were compressive in comparison to reflection of {202}WC due to the 
differences in irradiated position used for the measurement. 
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5.1.3. Effect of substrate on the 3-body abrasion wear of HVOF WC-17wt%Co coatings 
The investigation of the abrasive wear properties of the four coated substrates gave different 
wear resistances (Figure 4.28 and 4.29), despite using the same WC-Co feedstock powder. 
Despite having the highest hardness, the coated aluminium samples had the highest wear rate 
(Figure 4.29), and the highest level of Co binder removal (Figure 4.30). Removal of the 
binder phase provided stress relief to the carbides causing the carbide grains to crack as the 
stresses inside the grains are relieved. Cracking of the exposed carbide grains may also have 
occurred due to the micro-fatigue action of the abrasive against the carbide. These types of 
wear mechanisms, found on all the worn surfaces, are common in the abrasion of HVOF 
coatings [2006Mur]. The poor performance of the coated aluminium may also be attributed to 
the W2C phase present in this coating (Figure 4.2), which was due to decarburization 
occurring during spraying [1992Ner, 1998Ver]. Engqvist et al. [1999Eng] reported that the 
hardness of the W2C phase is 3000HV, which is higher than WC (HV=1300-2300). 
Therefore, the W2C would increase the overall coating hardness, explaining why this coating 
had the highest hardness value. However, W2C is brittle [2006Obe] and fractures easily 
during abrasion, which would reduce abrasion resistance. Therefore, the combination of high 
binder removal and eta phase contributed to the high wear rates observed for the coated 
aluminium, despite having the highest hardness.  
 
The coated brass and super-invar samples were in the mid-range of mass losses for all the 
samples (Figure 4.28), and considering the small standard deviations (0.001) in mass loss, 
could be considered as having equal wear resistances. The coated super-invar had the highest 
porosity, lowest hardness, W3C (HV = 2650±100 [2005Mai]) and micro-cracks (not present 
in the other coatings) which should have led to this coating experiencing the highest wear 
rate. The coated brass samples had the lowest porosity (Table 4.1), second highest hardness 
(Table 4.2), no eta phase or micro-cracks, and were therefore expected to have a lower wear 
rate than the coated super-invar samples. 
 
The lowest wear rates, which indicate a better abrasion resistance, were shown by the coated 
304L stainless steel samples. However, these coatings had only the third highest hardness and 
the second highest porosity (Table 4.1). The worn coated 304L stainless steel samples (Figure 
4.33) appeared to have had a high degree of melting during deposition. This is known to lead 
to a better bond strength between substrate and coating [2000Ste], as well as better bonding 
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between the carbide grains and binder. This is probably the reason why there was very little 
binder removal, few cracked carbide grains and in general, smoother wear scars observed for 
this coating.  
 
The paradox between the wear rates and coating properties such as hardness, eta phase and 
micro-cracking indicate that other factors played a role in the wear behaviour of these 
coatings, despite using the same feedstock powder and the same coating deposition 
parameters. The results indicated that coating hardness is dependent on substrate, therefore 
hardness, and consequently the wear response of a coating cannot be generalized for a 
specific coating, irrespective of substrate. It was expected that the coating hardness would 
decrease with increasing WC grain size (Figure 4.13) however the change in hardness is 
minor hence the carbide grain size does not contribute significantly to the differences 
observed in the wear rates. Hardness decreased with increasing porosity as expected (Figure 
4.14). The variations in porosity across the different coatings might be as a result of fuel gas 
flow during coating deposition, as observed by Arturas [2005Art], since the substrates were 
different materials. However, the overall measured porosity levels were low, and with the 
exception of the super-invar sample, and similar for all coatings. Thus, the role of porosity in 
the observed wear response was considered minor. The differences in the hardness values of 
the coatings may be attributed to the role played by the substrate properties (Table 3.2) during 
cooling and solidification of the coating after deposition which influenced the residual 
stresses produced. The coating hardness was observed to increase with increasing coefficient 
of thermal expansion of the substrate (Figure 4.15). 
 
The processing parameters during deposition are also known to affect coating hardness 
[2005Art, 2006Wez], although these were kept constant in the current study for all the 
coatings. During deposition, each powder particle is heated in the combustion chamber of the 
HVOF gun and then projected towards the substrate. On impact with the substrate, the liquid 
deforms into a lamella, which cools down and solidifies. The temperature of the combustion 
chamber could be as high as 3000°C, and then the temperature decreases depending on the 
difference between this temperature and the coating’s melting range. Using forced cooling, 
the temperature of the substrate of a WC-Co coating was approximated to be 500°C by Stoke 
et al. [1999Sto]. The cooling of both substrate and coating after spraying leads to the 
formation of residual stresses in the individual lamellar structures.  
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In the current study, the contribution of residual stresses and strains on the wear performance 
of the different substrate-coating combinations was considered. The origin of residual stresses 
in coatings has been investigated by several authors [1998Sch, 1999Ste], who showed that 
the material and the deposition process may produce residual stresses which can cause a large 
mismatch between thermal, structural and mechanical properties of the layers and the 
substrates. For thermal spray coatings, quenching stresses due to rapid cooling of the coating, 
thermal mismatch stresses between the substrate and the coating and phase transformations 
during deposition have been identified as sources of residual stresses [1990Kur, 1998Mat]. 
Residual stress in the material can be tensile or compressive, and the nature of the overall 
residual stress in coated systems may be determined by criteria identified by Stokes and 
Looney [1999Sto] on the basis of the cooling stresses associated with the relative values of 
coefficients of thermal expansion between coating and substrate. The authors determined that 
a tensile stress would develop in the coating when αc > αs, while a compressive stress would 
develop when αc < αs, where αc and αs represent the values of coefficients of thermal 
expansion for the coating and substrate respectively. However, residual stress results (Table 
4.3) is in agreement with this criteria identify by stokes and Looney [1999Sto]. 
 
In the current work (Figure 4.20), compressive stresses were found on the coatings deposited 
onto the brass, 304L stainless steel and aluminium substrates, whilst tensile stresses were 
found on the coated super-invar. These variations in the residual stresses were also 
considered to be similar to factors reported in Section 5.1.2, which are considered to play a 
crucial role in cooling and solidification of the coating after deposition [2006Wez]. 
 
The tensile stress in the super-invar coating likely led to the micro-cracks in the coating 
deposited onto that substrate. The same was found by Stokes and Looney [1999Sto], who 
realised that compressive stresses may lead to buckling or delamination of the coating. 
However, this was not observed on the coatings deposited onto the brass, 304L stainless steel 
and aluminium substrates which showed compressive stresses. The coated aluminium, which 
had the highest compressive stress, had the highest wear rate. As stated earlier, the 
preferential removal of the Co binder phase the carbide grains to crack, which then relaxed 
the residual stresses, as shown by re-measurement. The high stress levels (Figure 4.24) were 
considered to be the reason for the high degree of carbide grain cracking in the worn surface, 
which subsequently gave high wear rates. The coated brass samples showed compressive 
stresses and the coated super-invar had tensile stresses, yet the wear rates of the coatings on 
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these two coated substrates were similar. The coated 304L stainless steel, which had the 
lowest compressive stress, had the best wear resistance. Thus, the role of residual stresses on 
abrasion resistance is crucial. 
 
Some understanding of the wear response of the different coatings may be gained from 
considering the interaction between the SiO2 abrasive and the coating microstructures. The 
SiO2 abrasive particle size ranged from 300 to 600 µm, while the average WC grain size of 
the coatings was in the range of 0.12 to 0.19 µm. On this basis, all the coatings responded 
homogenously during wear, even though the Co binder was preferentially removed. The 
hardness of the SiO2 abrasive is 800HV [1992Hut], while the hardness of the coatings ranged 
from 807 to 1042HV. The ratio of the hardness of the abrasive particles (Ha) to the hardness 
of the coatings (Hm) i.e. (Habrasive / Hmaterial) was in the range of 0.77-0.99. These calculated 
ratios are less than 1.2, which signifies the boundary condition between soft and hard 
abrasion defined by Hutchings [1992Hut], and would therefore place the abrasive wear of all 
the coatings in the soft abrasion category. This classification agrees with the extent of 
damage observed on the worn surfaces, where the soft Co phase was preferentially removed, 
while the hard WC particle remained largely intact. The SiO2 abrasives (800HV [1992Hut]) 
were unable to indent and crack the WC particles (range of 807 to 1042HV) due to the 
differences in the hardness values. The applied stress (F/A) during abrasion was calculated to 
be 0.06MPa, but the actual pressure was expected to be higher than this, as the real contact 
area between individual abrasive particles and the coating surface was lower than the surface 
area of 420mm2 used to calculate the nominal stress. The calculated yield strength of the 
coatings in Table 4.5 far exceeded the applied pressure, and indicated that all four coatings 
should have good abrasion resistance. 
 
Strong correlations were observed between the yield strength, residual stress and wear rate of 
the coatings (Table 4.5). The higher yield strength samples had higher residual stresses, 
showing that the residual stress was proportional to the yield strength. The wear resistance of 
a coating increased with increasing residual stress and the yield strength. However, the 
discrepancy of the as-coated super-invar was due to partial stress relaxation, caused by the 
microcracking the coating. 
 
In summary, the abrasive wear resistance of WC-17wt%Co thermal sprayed coatings 
deposited onto four different substrates yielded very different wear resistance characteristics, 
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despite being produced from the same feedstock powder and using the same deposition 
parameters. The highest mass loss was recorded for the coating on the aluminium substrate, 
while the coated 304 stainless steel showed the lowest mass loss. The coatings on brass and 
super invar experienced similar mass losses. The main wear mechanisms were preferential 
removal of the Co binder phase, as well as cracking and rounding of the carbide grains. The 
differences in wear behaviour may be related to residual stresses, where the highest 
compressive residual stress led to the highest wear rate. The coatings deposited onto brass 
had compressive stresses, while those on super-invar had tensile stresses, albeit low.  
However, the two coatings had similar wear rates, but the fine grain size in super-invar most 
likely compensated for its low tensile stress in terms of wear rates. Thus, the residual stresses 
only partially contributed to the differences in wear resistance, and the whole condition needs 
to be considered, although further study is required to provide conclusive evidence of the role 
of residual stresses on the abrasion resistance of these coatings. 
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5.2. Batch B (Substrate procured from Goodfellow in UK) 
 
5.2.1. Microstructural characteristics of HVOF sprayed WC-Co coatings on metal 
substrates 
The morphology of a dry and sintered powder (Figure 4.1) was relatively simple. The powder 
showed a dense structure with WC clusters cemented by cobalt, which were both identified 
from XRD and EDX. The cross-sections through the coatings (Figure 4.34-4.39) showed 
typical thermal sprayed microstructures. The noticeable features were the lamellar structure 
(due to individual splats forming layered structure), pores, and distinct differences in the WC 
particle sizes within the cobalt matrix. Rounded WC particles were also noticed on the coated 
brass sample. This was due to the high temperature reached inside the flame during the 
thermal spray process. In addition, localised microcracking was found. These surface cracks 
might have occurred as a result of both thermal expansion mismatch between the substrate 
and coating, as well as thermal stress generated during cooling and solidification of coating 
layers. The porosity was less than 0.8%. The difference in porosities within the different 
coatings was expected, since control of the process conditions was not optimized. 
 
The WC particles after spraying showed decreased grain sizes (Table 4.6) from the starting 
powder grain size (1.2±0.3μm). This might be attributed to the combination of three effects: 
localised microcracks found in the micrographs resulting from the thermal mismatch between 
the coefficient of thermal expansion of the coating and the substrate, which may have 
weakened the bond between WC particle and the binder. The rounding of the WC particles 
during spraying resulted from dissolution into liquid phase.  
 
Comparison of the XRD spectra for the WC-17Co coatings with the feedstock powder 
(Figure 4.40) showed that no phase transformation occurred during spraying on 304L 
stainless steel, brass, aluminium and super-invar. However, a small amount of Co6W6C (eta 
phase) was found in the as-sprayed coating on mild steel, and had been reported in coatings 
deposited by HVOF [2004Sto, 1996Ner, 2006Kha]. No metallic Co was found on as-sprayed 
coating on mild steel after deposition, suggesting that the tungsten and carbon diffused into 
the cobalt binder and formed eta phases [1998Vil], or XRD was not sensitive to cobalt 
[1996Li]. The occurrence of eta phase was probably as a consequence of the carbide or 
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tungsten dissolution and/or diffusion into matrix which led to a super saturation of the matrix. 
Therefore, it is believed that the degree of phase transformation could depend on the 
substrates’ properties, which were different from each other. This decomposition is thought to 
be a major problem in the wear resistance of a coating, as it results in eta phase being part of 
the binder which is brittle [2003Sud]. In addition, there was an increased background of the 
WC-Co coatings in comparison to the feedstock powder (at a diffraction angle of 42º to 45º). 
This was due to the reduction in grain size or the effect of residual stresses in the coating, as a 
result of the high temperature associated with HVOF process. 
 
Hardness is a vital mechanical property of the coatings that need to be measured to ensure 
reliability in the specific application [1994Tuc]. The coated layer provides wear resistance, 
while the substrate supports any impact to which the component (coating and substrate) is 
subjected. Hardness results (Table 4.6 and Figure 4.41) showed major differences between 
the coatings and substrates. This confirms the properties of WC-Co coatings, whilst the 
higher hardnesses of the coatings than the substrates as expected might be due to the 
following reasons:  
(a) contribution of grit-blasting (i.e. alumna) which was used in roughened substrate, and  
(b) cohesive strength of the individual splats as a result of the high impact velocity of the 
coating particles.  
 
The highest hardness was achieved for the coated 304L stainless steel that had WC, and Co 
with low porosity. The coating on the mild steel contained Co6W6C and WC, but the 
influence of the eta phase did not appear as large, perhaps due to lower porosity. The 
Co6W6C phase was not detrimental to hardness, but only small peak of Co6W6C was found. 
The lowest coating hardness was for the brass sample, which showed WC and Co, and might 
be due to the high porosity, despite the low mean grain size and beneficial homogeneous size 
distribution. The as-sprayed coating on aluminium also contained WC and Co, but its 
hardness was much higher due to the lower porosity, mean grain size and good homogeneous 
size distribution. The hardness decreased with increasing grain size (Figure 4.42) as the Hall-
Petch relationship [1951Hal]. Hardness did decrease with increasing porosity, as expected 
(Figure 4.43). Moreover, differences in the hardness values of the coatings on the different 
substrates might be due to minor diffusion of elements from substrates to the coatings during 
deposition. Correlation also exists in the order of hardnesses between substrate and as-
sprayed coating on 304L stainless steel, aluminium, and super-invar, but not on the mild 
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steel, due to the microcracking and level porosity in the coating (Figure 4.44). However, the 
mild steel substrate with a low hardness performed as well as those of relatively higher 
hardness. This anomalous behaviour suggested that apart from substrate hardness and effect 
of grit-blasting, there was another significant factor responsible for the mechanical properties 
of a coating. Related to this anomalous behaviour, the increased WC peak intensity of the 
coating showed that residual stresses were present. It is interesting that as-sprayed coatings 
rendered stresses that were both tensile or compressive for different samples (Figure 4.52). 
As-sprayed coatings on super-invar, mild steel, brass and 304L stainless steel produced 
residual stresses that were tensile. The coatings had localised microcracking, due to residual 
stresses developed within. The microcracking partially relieved thermal stresses in the 
coatings, thus leading to tensile stresses. Therefore, microcracking in the coatings 
demostrated that the spraying parameters needed to be properly optimized. Montay et al. 
[2004Mon] found the evaluation of residual stresses to be crucial for investigations regarding 
coating/substrate adhesion, since the in-plane normal stresses may lead to cracking, spalling, 
or buckling in the coating layer. The residual stress found in the as-sprayed coating on mild 
steel was lower than the as-sprayed coating on the brass substrate, which might have 
contributed positively to the improvement in its hardness value. The higher tensile stress 
found on the as-sprayed coating on super-invar (1.2 X 10-6/K) might have been due to its low 
coefficient of thermal expansion compared to the WC-Co coating (5.4 X10-6/K). Moderate 
compressive stresses in the as-sprayed coating on the aluminium substrate, despite little 
microcracking, showed the beneficial effect of peening on stress formation over thermal 
quenching. 
 
The negative slope observed in Figure 4.47 corresponds to a compressive residual stress in 
the WC-17Co coating. The positive slope observed in Figures 4.48-4.51 corresponds to a 
tensile stress in the WC-17Co coating. Homogeneous stress in the WC-17Co coating is 
indicated by the linear behaviour of these data. 
 
The residual stresses for the WC-Co coatings on different substrates (Figure 4.52) were quite 
different from each other, despite same powder being used as a feedstock. This was due to 
differences in substrate properties (Table 3.2) which played an important role in cooling, 
solidification and formation of the lamellae. Ricardo et.al. [2012Ric] found that for lower 
substrate temperatures, the morphology of lamellae was irregular splash-shaped. However, 
over the transition temperature of the substrate (melting point), the morphology of the 
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lamellar was rather short cylinders with higher contact area and stronger adhesion to the 
substrate. Residual stresses results of Batch A samples (Section 4.1.2) suggested that the 
differences in residual stresses of as-sprayed coatings could be attributed to decomposition of 
WC, and specific heat capacity of the respective substrate (Figure 4.23), kinetic impact on the 
substrate during HVOF process, caused by the heat transport from the coating to the 
substrate, as well as surface morphology. 
 
X-ray diffraction measurements have a lower penetration in the WC-Co coatings. The results 
showed moderate residual stress on the as-sprayed coating on mild steel, whereas the stress 
on the substrate was very small. The predicted stress value (derived from the stress balance 
condition) and experimental value was estimated at -36 ± 118 MPa and 28 ± 334 MPa 
respectively.  
 
However, differences between coating characterization and stress results of batch A 
(commercial substrates) and Batch B (substrates procured from Goodfellow) were due to 
differences in thickness, which induced different cooling rates and interactions with the 
incoming droplets. 
 
In summary, the microstructural characteristics of HVOF sprayed WC-Co coatings deposited 
on five different substrates were different, despite, being produced from same feedstock 
powder and using the same deposition parameters. The as-sprayed coating on 304L stainless 
steel had the highest macrohardness and lowest porosity. XRD on the coating showed mainly 
WC, with Co and Co6W6C as minor phases. The residual stresses of as-sprayed coatings on 
304L stainless steel, mild steel, brass and super-invar were tensile, due to microcracking 
found in the coating (releasing the stress), whilst a compressive stress was found in the as-
sprayed aluminium, despite little microcracking. This shows the effectiveness of peening on 
the stress formation over thermal quenching.  
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5.2.2. Systematic investigation of residual strains associated with WC-Co coatings 
thermal sprayed onto metal substrates  
The depth resolved strain variation in the as-received brass substrate sample displayed a 
significant oscillatory variation with depth, reminiscent of the cold working production. This 
complicated determination of the unstrained lattice parameter reference which was required 
for the strain conversions.  This was addressed by calculating the lattice parameter that would 
render the normal stress component to be zero, i.e. assuming a bi-axial stress condition 
throughout.  The value calculated with this approach gave a result similar to that of the lattice 
parameter averaged for both measurement directions as function of depth through the sample 
thickness. Even though the lattice parameter through thickness for the invar parent material 
was more constant, a similar approach was followed with the strain determination for the 
super invar samples. The unstrained lattice parameter for the WC phase was determined from 
coating flakes chipped from the coated samples. 
 
The strain results shown include all data points measured without smoothing.  Significant 
systematic variations were observed in the X-ray synchrotron results of the brass, super-invar 
and 304L stainless steel samples. This was attributed to the small gauge volumes analysed 
that were susceptible to grain size, systematic errors and orientation effects [2004Ste]. The 
gauge volume is a trade-off between the need for spatial resolution within the expected strain 
field and the time available for data collection [2012Ros]. In the neutron diffraction data, the 
strains were averaged over larger gauge volumes, rendering smoother data lines, at the cost of 
lower positional resolution, especially close to the surfaces where steep strain gradients were 
observed in both the grit-blasted and as-coated samples. 
 
The grit-blasted samples indicated substantial surface and subsurface modification in both 
substrate materials.  Upon the rebound of the shot, together with the restraining influence of 
the deeper unaffected material, elastic recovery induced residual stresses parallel to the 
surface, while the metal beneath had reaction-induced tensile stress. The normal components 
acquire large tensile strains, with the in-plane components being compressive to depths of 0.5 
mm for the synchrotron results, and approximately 0.8mm for the neutron results.  The 
compressive nature of in-plane component after grit blasting compared to the parent material 
originated from the localized plastic deformation inherent to the grit-blasting effect, giving 
work hardening. The depth of this deformation depends on the blasting intensity. As a 
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comparison, in steel the depth deformation due to shot peening at intensity level 6A, only 
extends 0.2 mm [2008Zha]. Thus, the grit blasting surface preparation was more severe than 
the traditional shot peening that is routinely applied to sample surfaces prone to stress 
corrosion cracking or fatigue. The compressive residual stress resulting from grit blasting is 
directly dependent on the blasting pressure, grit size, and distance from the substrate surface 
[1997Mel, 2009Cha]. The blasting intensity can be determined with the curvature method. 
The intensity of the grit blasting used in the sample preparation of this study was not 
quantified, since the standard industrial HVOF procedure was applied. All the samples of this 
study were done sequentially with the same set-up, keeping conditions the same. 
 
The magnitudes and depth dependence of the as-coated brass and super-invar samples 
(Figures 4.53-4.56) had strain magnitudes and depth dependences similar to those observed 
on the equivalent grit-blasted samples. The strains in the WC coating determined from the 
Synchrotron results (Figures 4.53 and 4.55) gave comparatively small residual strain values 
for both the in-plane and normal strain components. The strains displayed a gradient dropping 
off from the surface to the coating-substrate interface region. Both WC peaks used in the 
analysis, (101)wc and (112)wc, gave similar results, although only results for the (101)wc 
reflection are reported. The low magnitudes for the strain values were ascribed to the high 
stiffness of the WC hardmetal. (modulus of elasticity of 722 GPa) were compared to brass 
(122 GPa). 
 
Significant compressive stresses were observed at the near-surface regions of the grit-blasted 
and coated samples. The magnitudes of the synchrotron results were significantly larger than 
those for neutron plot (Figures 4.54 and 4.56) due to the better depth resolution attained with 
the significantly smaller gauge volume. The neutron results were averaged over larger gauge 
volumes. The systematic approach followed revealed that the primary origin for the 
substantial increases in residual stress in the near surface regions was the grit blasting surface 
treatment, with minimal apparent changes in the results between the grit-blasted and as-
coated samples. 
 
The depth resolved results for both in-plane and normal components of strain for coated 304L 
stainless steel determined from the synchrotron Figure 4.57. The stress in the as-received 
parent material remained constant throughout the sample thickness within the systematic 
scatter observed. The grit-blasted substrate had substantially altered residual strains at the 
158 
 
surface in both strain components. In the WC coating, both components of strain were 
unusually small, with a large discontinuity at the interface. The magnitude and depth 
dependence of the overall strain field in the as-coated substrate was similar to that of the grit-
blasted substrate. 
 
In the coated systems for brass, super-invar and 304L stainless steel (Figures 4.58-4.62), the 
in-plane stresses in the WC phase showed depth dependence initially increasing in magnitude 
to a peak at approximately mid coating thickness, then decreasing as the interface was 
approached.  The maximum tensile stress did not exceed 250 MPa. A similar depth- 
dependence was observed by Stoica et al. [2004Sto2] from synchrotron investigations of 
WC-Co deposited on steel substrates using the sin2ψ technique at two different beam energies 
(15 and 25 keV), and the penetration depth was estimated as 5 μm. Their results gave 
compressive residual stresses in the range -270MPa to -332MPa for the as-coated conditions. 
Overall, the trends determined for the stresses in the WC coatings were similar. 
 
The results obtained from the substrates indicate that the HVOF process was not influenced 
by the differences in CTEs of the substrate materials. Furthermore, notwithstanding the 
impact nature of the HVOF process, little significant additional stress contributions from the 
kinetic impact energy of the splats were evident. Thus, minimal thermal energy transfer took 
place between the coating spats and the substrates, without producing any thermal stress. The 
lower stresses in the coatings were possibly due to the localized microcracking associated 
with the molten spray splats being quickly quenched to the substrate temperature. The 
underlying substrate constrained the thermal contraction of the splats, resulting in tensile 
stresses in the splats that exceeded the breaking strengths of the material, leading to repeated 
relaxation through microstructural cracks (remembering the brittle nature of the cermet). 
Since the grit blast stress condition was not altered in coated brass sample, it is an indication 
that the substrate was not heated to any significant extent. The normal stress relief annealing 
temperature of brass is 375˚C (selected as 40% of the substrate melting point). 
 
There was a good agreement between the neutron and synchrotron results for the residual 
stresses in the substrates (i.e. parent material). This was due to the substrates of Batch B 
samples having better quality, and the suitable parameters employed for the diffraction 
measurements. Batch A samples had lower quality, having coarser grain structure and more 
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texture (preferred orientation). However, the microcracking found in the coatings of both 
batches could be due to deposition parameters which were not optimized. 
 
Direct quantification of the contributions due to grit-blasting and the coating process were 
attained by considering the plastic strain profiles (eigenstrains) rather than the residual 
stresses [2008Zha]. 
 
It is important to evaluate not only the surface and maximum subsurface values of the 
compressive residual stresses, but also the depth of the plastically deformed layer. Since 
depth resolved strain information exists, assessment of the strain results enables non-
destructive assessment and quantification of the respective contributions. Residual stress 
characterization along the sample depth into regions dominated by contributions from 
different deformation processes allowed for the grit-blast and coating near surface permanent 
strains to be extracted from the residual strain profiles. The strain profile below the treated 
surface was a combination of elastic bending and the remaining residual compression near 
the blasted surface caused by the permanent stretching from the grit impact. Grit-blast and 
coating associated induced plastic strain profiles were determined by subtracting the residual 
stress profile from the straight line fitted to the elastic bending profile observed below the 
surface-treated layer. 
 
The plastic strain (eigenstrain) profiles for the respective grit-blasted substrates with the 
superposed coated sample results are given in Figures 4.63-4.65. The small differences 
between the plastic strain after grit blasting and the as-coated condition indicate the higher 
effect of the peening mechanism than thermal stresses in the as-coated samples. 
 
Thermal treatment could alter the stress state, arising from the differences in the CTEs 
between the coating and the substrates. Luyckx et al. [2007Luy] annealed above 600°C to 
induce recrystallisation of the amorphous Co binder phase, forming Co6W6C and Co2W4C eta 
carbides. The residual stresses in the coating became progressively more compressive with 
increased annealing temperature, which improved abrasive wear resistance. 
 
Order of magnitude correlation was observed between the average residual stress determined 
in the coating by X-ray diffraction (XRD) and that measured at the near surface region with 
X-ray synchrotron (SR), but they were quite different (Table 4.7). This is due to differences 
160 
 
in gauge volume or collimator (between the measuring techniques) used for the 
measurements, as well as their penetrating depths. Comparison of the residual stress in grit-
blasted substrates measured by XRD showed lower compressive values to SR. The 
differences are attributed to the depth of measurement: XRD measuring to depths limited to 2 
micrometers, whilst the values reported for SR are averaged over all data points through 
depth. This could also be related to reverse yielding of the material regions close to the 
surface. The residual stress in as-coated coatings measured by XRD and SR had similar 
residual stresses but different values, due to the differences in their spatial resolution. 
 
In summary, the residual stress results of the synchrotron and neutron techniques employed in 
the non-destructive characterization study of HVOF coated substrates gave qualitatively 
similar results in accordance to the respective gauge volumes employed. The systematic 
approach clearly showed that the WC-Co thermal sprayed coating process itself of brass, 
304L stainless steel and super-Invar did not really contribute significantly to the residual 
strains in the substrates. The large strain / stress misfit between the coating and the substrates 
originated primarily from the grit-blasted surface preparation of the substrates and extended 
0.5 mm into the substrates. The residual stresses in the WC coatings had a parabolic 
dependence with depth, initially rising from a low value on the surface to a maximum tensile 
stress at around the mid coating thickness, not exceeding 400MPa, decreasing to the coating-
substrate interface. It thought that the generally low stresses in the coatings originated from 
localized relaxation due to microcracking. 
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5.2.3. Residual stress in thin WC-Co coated systems studied by high-precision neutron 
diffraction  
 
The residual stresses in the as-sprayed WC phase coatings (Table 4.8) determined under the 
different conditions were compressive, but quite different on the brass, aluminum and mild 
steel substrates. There was good agreement between the direct (experimental) and indirect 
measurement method (Utilizing stress balance principle from the substrate stress profile via 
Stoney approach [1996Cly]). The compressive stress might have occurred due to the 
following reasons: 
 
(a) Higher coefficient of thermal expansion of the substrates than coating, 
(b) Greater effect of the peening mechanism of stress over thermal quenching due to the high 
particle velocity of JP5000 spraying. 
 
It would be expected that surface preparation (grit-blasting) plays an important parts on the 
coating adhesion, as well as coating quality (durability). The substrate has to be properly 
prepared in order to remove contaminants, moisture, corrosion products, to achieve maximum 
coating adhesion. Jianhong et al. [2008Jia] worked on the influence of grit-blasting and 
thermal spray coating on the performance near the surface on the substrates. The results 
showed that both the grit-blasting process and thermal spraying process harden the substrate 
and microhardness on or near the surface. 
 
The as-sprayed coating on the mild steel substrate had a tensile residual stress of low 
magnitude, and the rest were compressive, despite the same powder and application process. 
This behaviour might be due to the following reasons: 
 
(a) Microcracking due to residual stresses developing in the coating. 
(b) New phases (C6W6C) that have been produced in the previous amorphous area (in Figure 
4.40). 
 
After heat-treatment, the stresses were almost ten times higher than the as-sprayed coatings. 
These larger compressive values demonstrated the effect of temperature and the coefficient of 
thermal expansion of the coating and substrate materials. Similarly, the rate of 
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cooling/heating during post-treatment can significantly influence the residual stress or strain 
profile, which was not considered in this research work [1990Kur, 1990Gil, 1991Kur2]. 
 
Results of the stress profiles measured in the mild steel substrate sample are shown in Figure 
4.66. Figure 4.66b shows a change in slope of the stress profile, while that in Figure 4.66a 
was small and almost invisible. The differential stress distributions (differences between 
coated samples and substrate-only samples) are given in Figure 4.67 for both conditions 
investigated. For the as-sprayed sample, stress in the substrate was very small and the 
predicted stress value in the coating derived from stress balance condition was estimated at -
36 ± 118 MPa for mild steel, and -47 ± 48 MPa for the brass. Relatively large errors resulted 
from the lever rule applied and error propagation, so that ratio between the error in coating 
(~118 MPa) and an individual error in substrate (~10 MPa) are related by a factor 
subscoatsubs Ntt , where Nsubs is the number of measurement points taken in the substrate 
[2012Ven]. Thus, with the given thickness ratio, significant accuracy improvement can be 
achieved by measuring more points or/and with better accuracy. Although uncertainty of 
~100 MPa might be seen to be large, for the annealed sample it can be considered as 
acceptable with stress value in coating -340 ± 80 MPa on mild steel. This unambiguously 
demonstrates that a substantially larger compressive residual stress developed after thermal 
treatment. With heat-treatment, the initial stress distribution with characteristic peening stress 
in the substrate disappears. The newly-formed stress was thermal and originated from the fact 
that CTE of mild steel and brass is larger than CTE of the WC coating which generated 
compressive stresses in the coating when the system was cooled from the stress-relieve 
annealing temperature. 
 
The stress profiles measured in the as-sprayed grit-blasted sample and its stress-relief 
annealed counterpart of aluminum were expected (Figure 4.68). For the as-prepared condition 
the near surface, stress was dominated by the shot blasting surface preparation that induced 
approximately -75 MPa at the surface, decreasing with depth, to have no further influence 
deeper than 0.7 mm. A non-linear trend was observed in the back part region of the sample. 
In the annealed aluminium sample, the compressive stress due to the cold work shot-blasting 
contribution, as well as the non-linearity of the stress profile through thickness, had been 
removed. 
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In Figure 4.69a, the aluminum substrate of the as-coated sample did not show significant 
change in stress at the coated surface side, but had a clear alteration on the back surface 
region, possible resulting from stress relaxation due to heat input associated with the HVOF 
coating process. The annealing treatment (Figure 4.69b) did not give a significant change in 
the stress in the substrate material, but increased the compressive stress in the coating. The 
general approach followed in determining the contribution purely due to the coating process 
alone is to subtract the stress of the grit-blasted samples from their counterpart coated 
samples. However, due to the non-linearity in the as-prepared grit-blasted aluminum sample 
and the change in results in the back region of its as-coated counterpart, this procedure could 
not be applied. An alternative approach was followed by modelling the profile in the as-
coated sample as comprising a linear contribution due to the coating with a typical peening 
(grit-blasting) characteristic superposed at the coated surface side. The stresses calculated in 
the WC coatings by imposing a stress balance were determined to be -378 ± 50 MPa and -814 
MPa for the as-sprayed and stress relieved conditions. 
 
For super-invar, two approaches were tested in order to measure residual stress in 200 µm 
thick WC coatings using neutron diffraction. It was shown that in materials with high 
absorption of neutrons (for example, Ni in the super-invar), the direct measurement of the 
thin WC coatings were not an optimal strategy because of large losses on neutron beam. In 
these materials, the indirect derivation of the stress in coating through the stress/momentum 
balance condition, when stress profile is accurately measured through thickness, is the best 
option. 
 
It is thought that the greater advantage of neutron diffraction over X-ray measurement was 
due to its ability to determine the values for d-zero (unstressed material) from the coating 
flakes (unlike X-ray diffraction where no d-zero values were measured). These coating flakes 
would have been free of macrostress between the coating and substrate, although d-zero 
material would only contain microstresses. Krawitz et al. [2013Kra] demonstrated that 
neutrons enable the study of thermal residual microstresses in cemented carbides, due to their 
much greater penetration, because they are unchanged particles. The bulk microstress or 
coating macrostress present in the 200 micron coating was not determined in this research 
work. It is thought that the bulk thermal residual microstresses in WC based systems change 
substantially under the action of tensile and compressive load, and contribute significantly to 
the high toughness of the coating. 
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Many factors and parameters, such as thermal history and deposition parameters, make it 
increasingly difficult to directly compare results of coatings from other sources [2012Ola]. 
Stokes and Looney [2004Sto] determined the residual stresses in WC-Co coatings by an 
analytical method similar to that of Clyne et al. [1996Cly], and reported tensile stresses of 82 
MPa and 15 MPa for coatings of thicknesses of 200 and 600 μm respectively. Stoica et al. 
[2004Sto2] determined the residual stresses of WC-12Co coatings deposited by HVOF, 
employing Synchrotron XRD at 15 and 25 KeV. They found that the values of residual 
stresses before wear tests were -270 MPa, with the maximum being at -332 MPa. Ahmed et 
al. [2007Ahm] investigated the influence of vacuum heat treatment on the residual stress of 
thermal spray cermet coatings using neutron diffraction. They observed the average values of 
the stress in the as-sprayed and heat-treated coating layers to be -553 MPa and -492 MPa 
respectively. The changes in the stress gradient after the heat-treatment, was related to the 
microstructural changes, caused by diffusion zones at the coating - substrate interface. The 
residual stresses of this investigation were much lower than those of Ahmed et al. 
[2007Ahm], which could be due to differences in feedstock powder, annealing temperature, 
process, substrates and surface roughness. There was a concern that the stresses were too 
small to have an effect on the abrasion resistance, although Figure 4.120 shows that the 
abrasion resistance decreased with increasing residual stress. It is thought that the low 
residual stresses measured in the as-sprayed coatings could be due to microcracking, and the 
influence of the substrate on the coating and porosity. Porosity has been shown to affect the 
tensile bond strength of the coating [2010Bab].  
 
In general, the difference between the residual stress values observed and those in the 
literature depend not only on the technique and deposition parameters, but also on the method 
employed for deposition, which can as well have different phases, resulting in residual 
stresses as the volume changes due to thermal expansion [1995Pej]. 
 
A strong correlation between residual elastic strain (stress) and the thermal expansion of the 
substrate material was observed (Figure 4.70). The highest strain was observed in aluminium 
substrate samples (CTE = 23×10-6 1/K), while the smallest strain was in the super-Invar 
samples (CTE = 23×10-6 1/K). This suggests a thermal origin of the residual stress in the 
coating/substrate system for both as-sprayed and annealed samples. The fact that residual 
stress/strain was larger in the annealed series was most likely due to quenching (solidification 
of the molten particles) contributing tensile stresses into the total balance, producing less 
165 
 
compressive stresses for the as-sprayed condition. Other factors (e.g. difference in heat 
dissipation or interplay of several phases and their transformation during HVOF spraying in 
comparison with annealing process) can also lead to a shift in the stress balance. In-addition, 
the reduction of the broadness the XRD peaks in Figures 4.79 to 4.83 compared to the as-
sprayed samples indicated that much of the plastic damage was relieved, and so the much 
higher stresses, due to differential shrinkage (due to the different coefficients of expansion) 
on cooling was established. 
 
In summary, the detailed residual stress profiles allowed a direct comparison of the various 
regions of interest in the thermal spray coating system, i.e. coating, coating-substrate 
interface, as well as the substrate. The measured results in the thin coatings showed 
favourable agreement with a stress balance (Stoney) approach [1996Cly] using the through 
thickness stress profiles in the substrate materials. It was shown that in coating materials with 
high absorption of neutrons (Fe, Ni), the direct measurement of the thin WC coatings was 
problematic because large losses from neutron beam. 
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5.2.4. Effect of heat treatment on the microstructure and abrasive wear of thermal 
sprayed WC-Co coatings 
The characterization of the as-sprayed coatings was fully discussed in Section 5.2. Cross-
sections of the microstructures of the as-sprayed coatings showed typical lamellar structures, 
varying porosities, rounded WC particles and distinct differences in WC carbide grain sizes. 
After the annealing, the coating cross-sections (Figures 4.71-4.78) showed a wide distribution 
of equiaxed WC grain sizes, a noticeable lamellar structure and a reduction of the porosities. 
The EDX results indicated that both as-sprayed and heat treated coatings were composed of 
W, C and Co which constituted the WC grains and cobalt binder phase. In addition, localised 
microcracking was found in the cross-sections of the annealed samples. These microcracks 
might have occurred as a result of thermal mismatch between the substrates and coatings, and 
from the thermal stresses generated during cooling and solidification of coating. (The cracks 
may also due to the relaxation of the stresses as well as sample preparation prior to 
microscopic evaluation.) Surprisingly, nickel was found in the annealed as-sprayed coating 
on super-invar substrate after the heat treatment. The nickel of small amount is thought to 
have originated from the super-invar substrate (Fe66Ni34), and confirmed that diffusion took 
place between the coating and substrate. 
 
Comparison of the WC grain sizes (Table 4.9) of the annealed and initial as-sprayed coated 
samples shows a reduction after annealing. This could be due to the partial dissolution of 
WC, as well as localised microcracking in the coatings. Therefore, reduction of the WC grain 
sizes after heat treatment might improve the wear resistance due to the Hall-Petch 
relationship [1951Hal]. It has been shown that heat treatment of these coatings significantly 
improved the erosion resistance under the high velocity impact conditions [2004Mat]. 
 
Porosity is an important feature that influences the coating properties. It is believed that 
porosity is undesirable, as it leads to poor coating cohesion/adhesion, premature coating 
cracking, and delamination or spalling [2005Cra]. The annealed coated samples had less 
porosity (less than 1%) than the as-sprayed samples. Crawner [2005Cra] reported that one of 
the sources of porosity was shadowing due to the angle of impingement of the spray stream. 
It is associated with the amount of unmelted particles that become trapped in the coating. 
Reduction in porosities after heat treatment could be due to effect of temperature on the 
coating microstructures. 
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XRD analyses (Figures 4.79-4.83) showed no new phases were produced after annealing, 
although the Co peaks became more clear and all the WC peaks became sharper on the coated 
304L stainless steel, super-invar, brass and aluminum substrate samples. This could be due to 
either diffusion equilibrating the different cell sizes, and the reduction in stress. In addition, a 
noticeable reduction in the XRD intensity with a shift of 0.1° in the diffraction angle was 
found after heat treatment. This shift of the Bragg angles was due to the elastic changes of 
lattice spacing, from the relief of the residual stresses on annealing. On the other hand, 
complete transformation of amorphous phases to crystalline eta phases (Co6W6C) were found 
on the coated mild steel substrate, as well as a decrease in the intensities of WC after heat 
treatment. This could be due to the dissolution of WC in cobalt, and increased formation of 
eta carbide [2006Kha]. Chang et al. [2012Cha] reported that rapid splat cooling encouraged 
the formation of the eta phase. Annealing at 600°-700°C led to recrystallisation of the 
original amorphous phase into Co6W6C and metallic cobalt. 
 
Hardness can be used to determine some mechanical properties of a material. Decreased 
macrohardnesses of the substrates were found after the heat treatment (Figure 4.84). There 
were small reductions between 0.66% - 3% on super-invar, 304L stainless steel and mild steel 
substrates, whilst higher reductions of 33% and 48% were found on brass and aluminum 
substrates after heat treatment. These differences are likely due to stress relief of the 
substrate. The greater hardness reduction in the aluminum and brass substrates were due to 
their lower melting points, which caused larger stress relaxation after being heat treated at 
375°C, compared to the other substrate. 
 
Comparing the macrohardnesses of as-sprayed and annealed WC-17Co coatings (Figure 
4.84), an increase of 10% was found on the coated mild steel after heat treatment which is 
attributed to the increased formation of the hard eta phases after annealing (Figure 4.82). 
Conversely, a reduction was found on the remaining coated substrate samples. Hardness 
reduction of about 30-32% was found on the annealed coatings on aluminum and 304L 
stainless  steel after heat treatment. This could be due to the effect of stress relaxation in the 
coating. A reduction of about 1% on coated super-invar and 7% on coated brass substrate 
after heat treatment indicated low stress relaxation occurred in the coating. Also, a reduction 
in the porosity, small grain size on annealing could contribute to the reduction in their 
macrohardnesses. It was proposed that up to approximately 600°C, the decrease in the 
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hardness of WC-Co alloy was due mostly to the softening of the individual phases (WC and 
binder), while above 600°C, the softening of the WC-Co alloys is mostly due to easier slip 
transfer across grain boundaries [1998Mil]. However, the mechanism mention above could 
play an important role in the hardness results of the coated substrate samples. 
 
The experimental residual stresses on the grit-blasted samples (Figure 4.85 and Table 4.10) 
were quite different from each other, despite using the same alumina for grit-blasting of the 
substrates. There were large larger errors. The differences between the residual stresses of the 
grit-blasted materials might be due to the following reasons: 
(1) Influence of substrate roughness after blasting with alumna grit, 
(2) Differences in work hardening coefficient of various metal substrate after grit-blasting 
[2005Osa], and 
(3) Work hardening effect on the substrates, since, grit-blasting was carried by a pressurised 
air stream which hurled the grit against the surface of the workpiece (Figure 4.68 and 
4.69). 
 
All the grit-blasted samples had compressive residual stresses, which agreed with Chander et 
al. [2009Cha]. Wisdom dictates that the coefficient of thermal expansion and specific heat 
capacity does not influence the grit-blasting, since the process is being carried out under cold 
working condition. Nevertheless, correlation exists between the stress and substrate 
properties. The compressive residual stress of the grit blasted samples decreased with 
increasing coefficient of thermal expansion (Figure 4.111). With increasing melting point of 
substrate, the compressive residual stresses were decreased (Figure 4.112). The residual stress 
at specific heat capacity of 0.123 J/g°C (super-invar) was extremely high, but with increasing 
specific heat capacity, the residual stress value increased (Figure 4.113). 
 
Comparison of the grit-blasted and annealed grit-blasted samples (Figure 4.85) showed a 
greater reduction in the cold working process after heat treatment. This is due to the stress 
relief followed heat treatment. There was higher stress relaxation in the samples with larger 
substrate coefficients of thermal expansion, compared to those samples with low coefficients 
of thermal expansion. 
 
The nature of residual stress on the as-sprayed coatings was both tensile and compressive. 
Low tensile stresses were found on the as-sprayed coatings on 304L stainless steel, mild steel, 
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brass and super-invar substrates, whilst a moderate compressive stress was found on the 
coated aluminum substrate. The full discussion on the as-sprayed coatings is given in Section 
5.2. After heat treatment, the nature of the residual stresses in the as-sprayed coatings 
changed to compressive. This could be due to the higher effect of the peening mechanism of 
stress formation over the thermal quenching stress; the effect of the coefficient of thermal 
expansion of the sample (larger coefficients giving larger expands); and the various stress 
relaxation mechanisms that could operate during annealing [1998Ste, 2002God]. Moreover, 
the moderate compressive stress in the coated substrate samples following heat treatments, 
could be due to partial relaxation of the stresses in the coatings owing to low material 
substrate strengths at that temperature, as well as development of the stresses on cooling 
where the substrate contracted more than the coating, putting the latter into compression 
[1998Ste]. The initial trend or correlation that existed between specific heat capacity and 
coefficients of thermal expansion did not exist after heat treatment (Figures 4.114 and 4.115). 
The high surface stresses in the as-sprayed samples were reduced by annealing, but this might 
not be practical in application. The observed surface residual stresses of ~100 MPa in the as-
sprayed samples could have important effects on the structural integrity, in both static or 
dynamic friction environments. 
 
The substrate wear is shown in Figure 4.86 and the wear rates in Figure 4.90. The results 
showed that the brass substrate had the highest mass loss, with a peak pull-out observed 
before 10 minutes, followed by 304L stainless steel substrate. The aluminum substrate gave 
the best wear resistance, which was surprising, but this would have been caused by the 
precipitates (although they were too small to be identified on the micrographs), while super-
invar and mild steel substrate were in the middle. Conversely the substrate hardness does not 
correlate with the mass loss, and the microstructures have to be considered too. 
 
The relationship between the microstructure of the materials and their abrasive wear 
resistance was studied by Berns [1995Ber] and Scholl et al. [1997Sch], but was inconclusive 
(Although the material were not the same with the one discussed here). With increasing 
coefficients of thermal expansion, wear showed no discernable relationship (Figure 4.116). 
Correlation between melting point and wear loss of the substrate showed a possible 
maximum at ~1100°C (Figure 4.117). No relationship could be recognised between 
macrohardness and wear loss (Figure 4.118), hence, the initial hardness cannot be used as a 
universal indicator of abrasive wear resistance [1998Gar]. 
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The effect of grit-blasting on the wear resistance of the substrates sample was studied, and the 
results are presented in Figures 4.87 and 4.90. The grit-blasted brass sample consistently had 
the highest average mass loss, while grit blasted 304L stainless steel, mild steel and super-
invar substrate samples showed similar trends of parabolic wear rate in the middle. The grit-
blasted aluminum substrate had the lowest mass loss after 30 minutes. These results do not 
follow the known trends of increasing material hardness being associated with an increased in 
wear resistance of the material. There was a large improvement in the wear resistance  (about 
45-50 %) after grit-blasting. This improvement is likely due to the work hardening effect on 
the substrate after grit blasting with alumina which increases the surface hardness thereby 
increasing the resistance to wear. 
 
The abrasion resistance of the coatings on the different substrates was studied with the mass 
loss results shown in Figure 4.88 and the wear rates in Figure 4.90. The mass loss for coated 
super-invar had a peak of 0.9g between 5-10 minutes of wear testing. This could be due to 
surface roughness of the coating. Overall, the as-sprayed coatings had better wear resistances 
compared to the grit-blasted substrates. The highest mass loss recorded for the coated super-
invar substrate. The coated mild steel substrate and brass substrates had similar mass losses 
within experimental error. The same was found for the coated aluminum and 304L stainless 
steel substrates which had the lowest mass losses. The coatings results showed improved 
wear resistance after WC-Co thermal spraying. It is expected that the microcracks could 
affect the wear resistance, however the results showed that microcracking found in the 
coatings were seen as beneficial in promoting abrasion wear resistance of the coatings 
[1998Ste], this could be due to low tensile stress in the coatings. 
 
Baik et al. [2007Bai] reported that non WC (eta phase) was detrimental to wear resistance, 
whilst Qiao et al. [2001Qia] found the sliding wear rate of as-sprayed coatings increased with 
increasing decomposition products. Thus, decomposition resulted in a lowering of wear 
resistance. However, the current work has shown (Figure 4.82) that low amount of eta phase 
found only on coated mild steel had a favorable effect on the particle/matrix cohesion, and 
was therefore helpful for the abrasion resistance of WC-Co coatings, even if the 
corresponding phases have brittle behaviour. This is similar to the work of Lia et al. 
[2000Lia]. The high wear rate for the super-invar coating might be correlated with the 
localised porosity, despite higher hardness with low mean grain size. The coated mild steel 
and brass substrates were in the middle of the range of the wear rates. The coated mild steel 
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had Co6W6C and WC, but since the sample had a higher mean grain size, despite low 
porosity, this could have increased the abrasive wear rate. The coated brass sample had only 
WC and Co phases, but had higher porosity which could have increased the wear. Lower 
wear rate was shown by coated 304L stainless steel with the highest hardness, low porosity 
and high mean grain sizes. The coated aluminum sample gave the best (lowest) wear 
resistance. This could be due to the following reasons: 
(1) The mainly WC proportion, low porosity, despite high mean grain sizes. 
(2) The large alteration that was found in the residual stress measured on grit-blasted sample 
via neutron measurements (Figures 4.68 and 4.69) could create a strong anchor between 
the coating-substrate, and improved wear resistance.  
(3) The hard surface on substrate (aluminium) suggested that the substrate must be absorbing 
the impact energy after thermally sprayed. 
(4) The larger compressive stress found in the coated aluminium (Table 4.8) could also 
improved the wear resistance, as well as the highest residual elastic strain (Figure 4.70). 
 
Residual stresses also have an influence on the resistance to abrasive wear because they 
interact with the mechanical system of the surface. In this respect, different residual stress 
value in the coatings might play a role in the differences in the wear rate of the coatings 
despite same feedstock powder. 
 
In the residual stress measurements done using synchrotron and neutrons on as-sprayed brass, 
304L stainless steel and super-invar samples (Figures 4.53-4.61), large misfits between the 
coatings and substrates were found and were attributed to the grit-blasting surface preparation 
of the substrate prior to deposition. The differences in strain misfit (strain profile) between 
substrate and coating, as well as the residual stresses in the carbide influenced the adhesion 
between the two materials, and consequently influenced the coatings’ integrity and wear 
performance. The surface roughness created by grit-blasting will play an important role in the 
mechanical interlock and increases the bond strength between the coating and the substrate 
[2008Jia]. This is in agreement with the good wear resistance found on the coated aluminium 
substrate. 
 
The results of the annealed coated samples are presented in Figure 4.89, and the wear rates in 
Figure 4.90. A similar trend of increasing mass loss with time was seen in the annealed 
coated samples. The annealed coatings on mild steel consistently showed the highest average 
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mass loss, despite having the highest hardness. Annealed coatings on brass and 304L 
stainless steel showed similar trends, despite differences in the hardnesses. These results did 
not agree with increased hardness being associated with decreased wear rate [1998Gar]. The 
wear rate of annealed coated sample were lower than the as-sprayed coating for 304L 
stainless steel, aluminum and super-invar samples, whilst higher for as-sprayed coatings on 
mild steel and brass substrate after heat treatment. The increase in the wear rate of mild steel, 
despite the residual stresses being compressive, could be due to formation of more eta phase 
after heat treatment (Figure 4.82). It appeared that higher eta phase was detrimental to the 
wear resistance, but not hardness after heat treatment. The slight increase in wear rate on 
coated brass substrates could have been due to the effect of residual stress after heat 
treatment. The slight increase in wear resistance of coated brass after annealing at 375ºC was 
substantial, since no new phases were seen to occur after heat treatment at this temperature. 
This increase could be due to the following: 
(1) Lowest compressive residual stress found in the coating via neutron measurement, and 
(2) Gross-through thickness cracking found in the coating. 
 
The changes of the nature of residual stresses from tensile to compressive on the surface of 
the coatings determined by X-ray diffraction (Figure 4.85) might have improved (decreased) 
the wear resistance for the coated 304L stainless steel, aluminum, and super-invar. 
 
Khameneh et al. [2006Kha] reported that the mass loss for heat treated coatings was higher 
than as-sprayed coatings, whilst Kim et al. [2007Kim] found that heat treatment improved the 
wear resistance of the coatings. The current work has shown that the wear rate for heat 
treated samples was either higher or lower, due to the integrity of coating, state of residual 
stress present in the coatings, phases in the coatings especially presence of eta. The material 
properties such as hardness and porosity also played a role as well as the interaction between 
the material and the SiO2 abrasive since wear is not an intrinsic properties. 
 
Further understanding of the wear response of the different as-received substrates, grit-
blasted substrates, as-sprayed and heat treated coatings may be gained from considering the 
interaction between the coating microstructure and the SiO2 abrasive. The hardness of the 
SiO2 abrasive was 800HV [1992Hut], while hardness of the substrate ranged from 120-
180HV. The ratio of the hardness of the abrasive (Ha) to the hardness of the as-received 
substrates (Hm) i.e. (Ha/Hm) was in the range 4.44 to 6.67. These calculated ratios were more 
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than 1:2, which signifies the boundary condition between soft and hard abrasion according to 
Hutchings [1992Hut], and therefore placed the abrasive wear on the substrates in the hard 
abrasion category. This is in agreement with the extent of plastic deformation observed on the 
worn surfaces. The harder SiO2 abrasives are able to cut into the softer substrate surfaces and 
cause severe damage. Some of the SiO2 particle fragment became embedded in the substrate 
due to their high hardness (Figures 4.91-4.95) and the continuous pressure applied by the 
abrasive wheel during testing. The hardness of the grit-blasted substrates ranged from 160-
190HV [2008Jia]. The (Ha/Hm) ratio was in the range 4.21-5.00, and therefore also placed the 
abrasive wear of all the grit-blasted substrate samples in the hard abrasion category. This is in 
agreement with the plastic deformation observed on the worn surfaces (Figures 4.96-4.100). 
There was a reduction in the (Ha/Hm) ratio of grit-blasted substrate compared to the respective 
substrate. This can be related to the work hardening rates of the different materials as well as 
the stresses (both residual and abrasion induced strain). 
 
The as-sprayed coatings (Figures 4.101-4.105), performed better than the as-received 
substrates and the grit-blasted substrates during wear testing, as expected. The hardness of the 
coatings ranged from 660 to 911HV. The Ha/Hm ratio was in the range 0.88-1.2, thus placing 
the abrasive wear in the soft abrasion category, where the SiO2 abrasive was unable to indent 
the WC particles due to the latter’s higher hardness. Both soft and hard abrasion categories 
were found on the annealed coated samples (Figures 4.106-4.110), which could be due to the 
effect of temperature on thermal expansion of the coatings and substrates, as well as stress 
relaxation. Hard abrasion was not observed on the SEM micrographs of the worn annealed 
coatings on the 304L stainless steel (Ha/Hm = 1.26) (Figure 4.101), brass (Ha/Hm = 1.30) 
(Figure 4.104), and aluminium (Ha/Hm = 1.39) (Figure 4.106), because the Ha/Hm ratios were 
very close to the boundary of soft abrasive. 
 
The wear performances of the as-sprayed and heat-treated samples are compared in Table 
4.10. The coating wear resistance (which was inversely proportional to the wear rate) was 
directly proportional to the stress state of the coating, as determined by neutron diffraction 
(Table 4.8).  The most resistant sample was that with the aluminium substrate, and the least 
resistant sample was super-invar, for both as-sprayed and the heat-treated counterparts.  
Although this seems surprising, the reason for the good wear resistance in the aluminium 
substrate samples was partly due to the precipitates. 
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The fracture toughness can influence the wear performance of coatings, and it would have 
been advantageous to measure it. However, the coatings were relatively thin (200µm thick), 
and efforts to produce indentation cracking on the coating cross-sections, for generating 
Palmqvist cracks was not successful, similar to Kumori et al. [2010Kum]. 
 
In summary, the effect of annealing on the microstructure and residual stress of WC-17Co 
HVOF coatings was studied. The coatings had lower porosity, reduction of pores and 
localized microcracking after heat treatment. However, the coating microstructural features 
were widely different, despite same powder used as feedstock. Lower porosity in the coating 
after heat treatment is a fundamental requirement to achieving good abrasion resistance of the 
coatings. There were changes in the residual stress states, from tensile to compressive, due to 
partial relaxation between the coating and substrate. The different wear rates of the as-
received substrates, grit-blasted substrates and as-received and annealed WC-Co coatings 
were investigated. About 45 - 50% reduction in the wear rate of grit-blasted samples over the 
substrates was found, thus confirming the improved wear resistance which grit-blasting 
rendered. About 80 - 95% reduction in the wear rates of the coating compared to the substrate 
was found, confirming the protective wear resistance which WC-Co coatings provided to soft 
substrate materials. The abrasive wear rate of the WC-Co coatings after the heat treatment 
were influenced by a variety of factors including coating integrity, phases present, material 
properties and the residual stress state of the coating, showing how complex the materials are. 
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CHAPTER 6 
 
6.0. Conclusions and recommendation 
 
6.1. Conclusions 
This thesis covered the investigation of the techniques for determining the residual stresses in 
WC-17Co thermal sprayed coatings and studying the effect of residual stress on its abrasion 
resistance on different substrates in two batches of samples). Batch A samples were 
commercial samples of thickness 9 mm, whilst Batch B samples had 6 mm thickness, and 
were procured from Goodfellow, UK, with mild steel samples (SABS 1431 grade 300WA) in 
addition. The main difference between A and B was the latter was finer grained, with 
minimal texture effects, for easier comparison with the diffraction experiments. The choice of 
the substrate was to give a range of different coefficients of thermal expansion. Based on the 
results obtained from this research, the following conclusions were drawn. 
 
(1) Typical HVOF thermal sprayed microstructures of WC-Co coatings were found (on both 
Batches A and B), whilst the different substrates gave different properties, despite using 
the same powder (WC-17 wt% Co) as feedstock. This was due to differences in their 
substrate properties which affected cooling after deposition of the coating. 
(2) The residual stresses measured by X-ray diffraction were either compressive or tensile on 
as-sprayed coatings. The differences in the stress results, although small, were due to the 
coefficients of thermal expansion of each substrate. 
(3) The abrasive wear resistance of WC-17wt%Co thermal sprayed coatings deposited onto 
four different substrates (Batch A) and the separate wear resistances measured for the as-
received substrates, grit-blasted substrates, as-received and annealed WC-Co coatings 
(Batch B) yielded very different wear resistance characteristics. The differences in wear 
resistance values is attributed to a range of interacting factors such as microstructural and 
mechanical properties and the interaction with the SiO2 abrasive. For Batch B there was an 
approximate 45 – 50% reduction in the wear rate of the grit-blasted substrates compared to 
the as-received substrates. There was about 80 – 95% reduction in the wear rate of the 
coating compared to the substrates, confirming the well known application of using 
hardmetal coatings to protect soft substrates. The wear resistance was found to be directly 
proportional to the residual stresses, and the aluminium alloy had the best wear resistance, 
partly due the precipitates. 
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(4) The residual stress results of the synchrotron and neutron techniques gave qualitatively 
similar results, in accordance to the respective gauge volumes. The systematic approach 
followed (which identified the different contributions) showed that the WC-Co coating 
contributed slightly to the residual strains in the substrates, and the effect of the grit-
blasting was greater. The large strain / stress misfit between the coating and the substrates 
originated primarily from the grit-blasted surface preparation of the substrates, which 
extended 0.5 mm into the substrates. The residual stresses in the WC coatings had a 
parabolic dependence with depth, initially rising from a low value on the surface to a 
maximum tensile stress at around the mid coating thickness, not exceeding 400MPa, 
decreasing to the coating-substrate interface. It thought that the generally low stress values 
in the coatings originated from localized relaxation due to microcracking. 
(5) The detailed residual stress profiles determined by neutron diffraction allowed a direct 
comparison of the various regions of interest in the thermal spray coating system, i.e. 
coating, coating/substrate interface, as well as the substrate. The measured results in the 
thin coatings showed favourable agreement with a stress balance (Stoney) approach 
[1996Cly] using the through thickness stress profiles in the substrate materials. It was 
shown that in materials with high absorption of neutrons (e.g. Ni in super-invar), the direct 
measurement of the thin WC coatings were difficult, and not advised, because of large 
losses of the neutron beam.  
(6) The coatings had lower porosity, reduction of pores and localized microcracking after 
heat treatment. However, the coating microstructures were very different due to their 
substrate properties. Lower porosity in the coating after heat treatment is necessary for 
good abrasion resistance. There were changes in the residual stress state, from tensile to 
compressive, due to partial relaxation between the coating and substrate after the heat 
treatment. The abrasive wear rate of the WC-Co coatings after the heat treatment were 
either be higher or lower, depending on the coating integrity, phases present and residual 
stress state of the coating. 
 
The differences between coating and stress results of Batch A (commercial substrate) and 
Batch B (substrate procured from Good fellow) were due to differences in manufacturer and 
composition, as well as their substrate thickness which induced different cooling rates and 
interactions with the incoming droplets. 
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6.2 Recommendations 
Despite these encouraging findings, further modification to the coating is necessary to 
maximize the compressive residual stresses and improve mechanical properties of the 
coating. On this basis, the following suggestions are considered necessary for future study. 
 
(1) TEM studies of the coating microstructure may be necessary in order to understand the 
crystal structure orientation relationship between the coating and the substrate. 
(2) The parameter of grit-blasting need to be optimised. 
(3) Simulation work on residual stress analysis may be needed. 
(4) The effect of different annealing temperatures and techniques on the coatings needs to be 
investigated, and optimised. 
(5) The effect of cooling rates of the coatings should be investigated. 
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APPENDIX A 
 
RAW DATA OF AVERAGE MASS LOSS IN ABRASION TESTS LOAD = 25N 
 
BATCH A SAMPLES 
Table B1. Dry abrasion wear loss of WC-17Co coatings on different substrates. 
 
 
BATCH B SAMPLES 
Table B2. Dry abrasion wear loss of the parent material (metal substrate). 
 
Time 
(minutes) 
Mild steel (g) Brass (g) Aluminium 
(g) 
Super-invar 
(g) 
304L 
stainless steel 
(g) 
0 0 0 0 0 0 
5 0.630 0.936 0.305 0.544 0.703 
10 0.830 1.777 0.367 0.827 0.993 
15 0.960 1.314 0.401 0.960 1.170 
20 1.060 1.424 0.428 1.054 1.295 
25 1.062 1.494 0.450 1.129 1.367 
30 1.129 1.558 0.471 1.183 1.430 
 
 
Table B3. Dry abrasion wear loss of the grit-blasted samples. 
Time 
(minutes) 
Aluminum 
(g) 
304L 
stainless steel 
(g) 
Brass (g) Mild steel (g) Super-invar 
(g) 
0 0 0 0 0 0 
5 0.147 0.270 0.363 0.293 0.198 
10 0.182 0.344 0.475 0.419 0.264 
15 0.214 0.413 0.554 0.480 0.356 
20 0.239 0.485 0.600 0.536 0.429 
25 0.266 0.567 0.613 0.577 0.510 
30 0.278 0.602 0.653 0.617 0.569 
 
 
 
 
 
Time (minutes) Brass (g) 304L stainless 
steel (g) 
Super-invar (g) Aluminum (g) 
0 0 0 0 0 
5 0.027 0.029 0.028 0.032 
10 0.042 0.045 0.041 0.053 
15 0.056 0.056 0.057 0.067 
20 0.072 0.065 0.069 0.079 
25 0.083 0.076 0.082 0.09 
30 0.093 0.085 0.092 0.1 
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Table B4. Dry abrasion wear loss of WC-17Co coating on different substrates. 
Time 
(minutes) 
Mild steel (g) Brass (g) Aluminum 
(g) 
Super-invar 
(g) 
304L 
stainless steel 
(g) 
0 0 0 0 0 0 
5 0.025 0.022 0.017 0.064 0.029 
10 0.038 0.034 0.027 0.086 0.040 
15 0.049 0.045 0.035 0.107 0.046 
20 0.061 0.056 0.043 0.127 0.052 
25 0.072 0.066 0.051 0.144 0.059 
30 0.084 0.073 0.057 0.161 0.066 
 
 
 
Table B5. Dry abrasion wear loss of annealed WC-17Co coating on different substrates. 
Time 
(minutes) 
Mild steel (g) Brass (g) Aluminium 
(g) 
Super-invar 
(g) 
304L 
stainless steel 
(g) 
0 0 0 0 0 0 
5 0.052 0.023 0.015 0.061 0.013 
10 0.091 0.038 0.022 0.081 0.021 
15 0.118 0.050 0.026 0.100 0.025 
20 0.143 0.060 0.030 0.114 0.029 
25 0.166 0.072 0.034 0.127 0.032 
30 0.179 0.081 0.039 0.138 0.035 
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Thermally sprayed WC-Co coatings are widely used in industry as
they offer an effective and economic method to protect base material
against environmental load and confer wear resistance without
compromising other attributes of the component [1]. The control of
the residual stress is a primary issue in coating technology. Residual
stresses are those stresses that remain after deformation with all ex-
ternal forces removed. The origin of the residual stresses in coating
has been thoroughly investigated [2,3]. Both material and deposition
process may produce a residual stress, which may be particularly crit-
ical in applications where a large mismatch exists between thermal,
structural and mechanical properties of the layers and substrates. In
the case of thermal spray coatings, quenching stresses due to rapid
cooling of the coating, thermal mis-match stresses between the sub-
strate and the coating, phase transformations during deposition
have been identified as sources. Veebeek [4] proposed three stages
for the formation of ultimate residual stress in the plasma spray pro-
cess: The first stage concerns solidification of single particle due to
the temperature difference between the substrate and the particles.
The second stage involves the heating up of the substrate during the
coating process, caused by the heat transport from the coating to
the substrate. The third stage concerns the stresses caused by the
cooling down of the substrate and the coating together after the coat-
ing process has been completed. Residual stress in material can either
be tensile or compressive depending on the direction of the forces.
The nature of the overall residual stress in coated systems may be de-
termined by criteria identified by Stokes and Looney [5]. A majorrights reserved.contributor is cooling stresses associated with the relative values of
their coefficients of thermal expansion, α, relative to that of the sub-
strate material. As the temperature decreases after deposition the fol-
lowing options are feasible;
• αc>αs : a tensile stress is generated in the coating. This may lead to
adhesion loss or cracking of the coating.
• αc=αs : no cooling stress will develop.
• αcbαs: the resulting cooling stress is compressive. If excessive,
even this generally beneficial condition may lead to problem condi-
tions such as buckling that can lead to delamination.
Thus, residual stress plays a vital role in materials as it can either
enhance or degrade performance. Non-destructive stress determina-
tion is essential since it offers the possibility of stress examination
as a final quality check before service, or allows stress monitoring de-
velopment during the component's lifetime [6]. Specific to coatings,
X-ray diffraction is a valuable technique to measure residual strain
[7]. It can be applied for material that is crystalline, has relatively
fine grain structure (μm grain size) and withminimal preferred orien-
tation to produce diffraction pattern from any orientation of the sam-
ple surface. The sample may be metallic or ceramic. With this
technique, diffraction peaks of suitable intensity and free of interfer-
ence from overlapping Bragg peaks are selected in the high back-
reflection region [6].
Investigation of residual stresses in as-sprayed WC-Co thermal
spray coatings employing different techniques have not yet fully
unravelled the stress nature. Wang et al. [8] using CuKα and Pina et
al. [9] using Cr radiation evaluated the residual stresses of a HVOF
WC-12Co coating by employing the sin2ψ method and reported that
residual stress of the coating was tensile. The objective of this work
Fig. 1. Sample geometry and measurement positions for the strain analyses. The 200 μm thick WC-Co coatings have been deposited on the 25 x 75 mm2 top surface. Strain mea-
surements were taken at position 1. SEM and microstructural investigations were done on samples cut from the 10 x 25 mm2 surface.
4726 O.P. Oladijo et al. / Surface & Coatings Technology 206 (2012) 4725–4729was to further explore the use of X-ray diffraction to determine the
residual strain inWC-17 wt% Co HVOF coating on different substrates,
and to extend it to investigate the influences of hardness and coeffi-
cients of thermal expansion on the nature of stress.
2. Experimental procedure
Brass, aluminium, and super-invar of specimen were selected as
substrates that render the situation where the CTE are different to dif-
ferent extents to the coating. The sample size and measurement posi-
tion are shown in Fig. 1.
Before deposition, the substrates were grit-blasted with alumna
particles to clean and roughen the surface. Commercially available
WC-17wt%Co of size -45+15 micron was used as feedstock. It was
prepared by spray drying and sintered. The coating of 200 μmwas de-
posited by the HVOF techniques using a TAFA JP5000 gun [10]. The
parameters were the same on all coated samples and were as follow:
4 in. gun barrel; 380 mm spray distance; 0.0227 m3/h fuel (kerosene)
flow rate; and 56.6 m3/h oxygen flow rate, thus similar to the param-
eter used elsewhere [10,11]. The cross-sectional microstructure of the
coatings was studied using scanning electron microscopy (SEM) and
energy dispersive analysis (EDS). The crystalline structure of the coat-
ing was characterized by X-ray diffractometer (XRD). The observa-
tions were done on the cross sections of the coated samples. The
determined parameters are shown in Table 1. Grain size distribution
from SEM imges at 5000x mginification rendered values given in
Table 1, i.e. all in μm in size.
The residual stresses on the as-sprayed coating surface were de-
termined by X-ray diffraction using Co-Kα radiation having wave-
length (energies) of 1.78897 Å (7 keV). Stresses measured by X-ray
diffraction were focussed only on the WC phase of the composite
coating. The Co radiation penetrates approximately 4 μm thus provid-
ing investigation of the near surface region of the coatings (as done by
other authors [12]). The residual stress measurements comprised ac-
curate determination of the shift of the WC (202) Bragg peak ob-
served at 2θ=143.69˚ since this high angle peak was free of
interference from other peak. The strain measurement geometry is
shown schematically in Fig. 2. The lattice strain was obtained from
the shift of the define Bragg peak position. The residual stress mea-
surement was performed in ψ geometry using sin2ψ for both positive
and negative ψ titlt angles. With the sinψ2 techniques the strain-free
lattice parameter is obtained from the ψ=0 value. The anode settings
were 40 kV and 40 mA.Table 1
Material characteristics of the different substrates [10].
Substrate Specific heat
capacity
(J/g0C)
Melting
Point
(0 C)
α
[106/C]
HV
Coating
(GPa)
Porosity %
Brass 0.380 930 19 10.04±0.01 0.5149±0.001
aluminum 0.900 660 23 10.22±0.02 0.4581±0.002
Super-invar 0.123 1454 1.2 7.91±0.01 0.7529±0.001
α=Coefficient of linear thermal expansion.For conversion of strain to stress the Elastic constants used for the
{202} reflection of WCwere S1=-3.247 X 10-7 MPa-1, 1/2S2=1.948 X
10-6 MPa-1, and Poison`s ratio of 0.20. These values were calculated
based on Neerfield-Hill`s module [7]. Data were analysed using Leptos
software, version 6 as part of the Bruker AXS suite of software for re-
sidual stress analysis. A video (Laser) camera system enables align-
ment of the sample measurement position to the centre of the
goniometer to 20 μm. The instrumental set-up included a graphite
monochromator and 0.8 mm diameter collimator on the instrument
primary side. Diffraction collection was done using a two-
dimensional High Star (Bruker AXS) detector. Measurements were
taken with the samples oriented in six different azimuth angles; 0˚,
180˚ 90˚, 270˚, 45˚, 225˚ to determine the full stress tensor using the
iso inclination geometry.
2.1. Fundamental equations for stress measurement with XRD2
The fundamental principle of 2D measurement is based on rela-
tionship between stress tensor and diffraction cone distortion. The
merit of the 2D is that, point on diffrection rings are used to analyse
the result with less data collection time. The fundmental equation
for strain and stress measurement by diffraction, using 2D detectors
is given by
f 11ε11 þ f 12ε12 þ f 22ε22 þ f 13ε13 þ f 23ε23 þ f 33ε33 ¼ ln
sinθ0
sinθ
 
ð1Þ
where, fijconnotes the strain coefficient, while ln
sinθ0
sinθ
 
determines
the diffraction cone distortion at the particular (γ, 2θ) position. The
material for this investigation is isotropic. Therefore, two indepen-
dent elastic constants, Young's modulous, Eand Poisson ratio, v or
macroscopic elastic constants were taken into consideration, as relat-
ed by 1/2S2=(1+v)/E nd S1=−v/E. Then, the equation for stress
measurement, using 2D detector is given by [13]:
P11σ11 þ P12σ12 þ P13σ13 þ P22σ22 þ P23σ23 þ P33σ33 ¼ ln
sinθ0
sinθ
 
ð2Þ
where, Pij ¼
1=Eð Þ 1þ vð Þf ij−v
h i
¼ 1
2
S2 f ij þ S1 if i ¼ j
1=Eð Þ 1þ vð Þf ij ¼
1
2
S2f ij if i≠j
8><
>:Yu et al. [14] stated that for biaxial stress state, i.e. the only in-
plane stress components, the above equation will become:
P11σ11 þ P12σ12 þ P22σ22 þ
1−2v
E
σph ¼ ln
λ
2d
0
0 sinθ
 !
ð3Þ
The biaxial stress state corresponds to the straight line of the d−
sin 2Ψplate.
t sin2ψ technique for measurement of the residual stress [3].
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The mean penetration depth was calculated by [7]:
τ ¼ sinθ cosΨ
2μ
ð4Þ
Where τ is the mean penetration depth, μ is the linear absorption
coefficient, ψ is the tilt angle and θ is the Bragg peak position in de-
grees with the linear absorption coefficients determined according
to [15].
3. Results
SEM images of the coating cross section after metallographic prep-
aration are shown in Fig. 3. The coatings show a typical microstruc-
ture of a WC-Co alloy: the light phase consists of WC grains and
dark phase is the cobalt binder while the black portions are pores.
Micro-cracking was found on as-sprayed super-inver invar.
XRD pattern of the as-sprayed coating were shown in Fig. 4. The
XRD results of the as-sprayed coating on aluminium showed WC
and metallic Co with only small amount of W2C. The as-sprayed
brass sample showed WC with no Co. The as-sprayed coating on
super-invar revealed the presence of WC, W3C ad Co peak. The repre-
sentative of d vs sin2ψ is shown in Fig. 5. The d-sin2ψ of the sample
shows a negative slope for as-spayed coating on aluminum and
brass except coated super-invar which shows positive slope. The re-
sidual stresses determined under the assumption of planar stress con-
ditions are given in Table 2 and Fig. 6. The residual stresses have been
determined to be compressive in the as- sprayed coatings on alumin-
ium and brass whilst tensile on the coated super-invar. Nothwith-
standing the nature of the stress values, they are relatively low
valued.
Fig. 2. Schematic diagram of the XRD strain measuremen4. Discussion
The typical thermal sprayed coating morphology characterized by
the presence of lamella boundaries, pores and equiaxial WC grains of
different size embedded in the Co matrix were observed (Fig. 3). EDX
confirmed that the coatings were composed of W, Co, and C. Although
the macrographs of coatings are similar, their performance properties
determined by mechanical testing (Vicker`s hardness of 5 kg load) re-
sults are significantly different as shown in Table 1. These results in-
dicate that microstructural analysis in WC-Co coatings do not reveal
information for differentiating coating performance.
The stress state of the WC-Co bulk material was determined to be
compressive in the WC component with the Co binder phase being in
tension [16]. This is due to the lower thermal coefficients expansion
of the Co binder compared to WC. The experimental results of the re-
sidual stresses found on as-sprayed coatings were quiet different
from each other despite same powder used as the feedstock. There
was a large variation in the residual stresses with large errors and
these did not appear to be related to coating hardness. These variation
in residual stresses might be due to the following mechanism: (1) dif-
ferences in coefficient of thermal expansion; (2) decomposition of
WC; (3) specific heat capacity of the respectively substrate; (4) kinet-
ic impact of the particle on the substrate during the HVOF process,
caused by the heat transport from the coating to the substrate; as
all play a crucial role in cooling and solidification of the coating
after deposition (Table 2). In-addition, process parameters and sur-
face morphology may also contribute. Wenzelburger et al. [17]
reported that differences in residual stresses of coated systems can
be attributed to four mechanisms: melting behaviour of the spray
particles in the hot gas jet, impulse transfer of the impinging particles
to the component surface, heating of the component due to heat
transfer from the particles and from the gas jet, and the differences
in thermal expansion of the coating material and the substrate.
It is interesting to note that the as-sprayed coatings render values
that are both tensile and compressive dependent on the substrate
Fig. 3. SEM/BSE images showing WC-Co coating on (a) brass, (b) aluminium, and
(c) super-invar. The light phase consists of WC grains and dark phase is the cobalt
binder while the black portions are pores.
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Fig. 5. The plot of d vs sin2ψ for as-sprayed coating on brass substrate.
Table 2
Determined residual stresses value in WC coating deposited on
different substrate.
Coated Substrates Co-Kα (MPa)
Brass -53.5±28.0
aluminum -129±26.2
Super-invar 74±30.6
4728 O.P. Oladijo et al. / Surface & Coatings Technology 206 (2012) 4725–4729material coefficient of thermal expansion. The as-sprayed coating on
super-invar produce residual stress that are opposite in sign (tensile)
despite same powder and application process. This might be due to
the following reasons; (1) lower thermal coefficients expansion of
super-invar substrate (Table 1) to WC coatings; (2) microcracking
found on its microstructure due to residual stresses develop in the
coating vicinity. This could act as stress concentrators in the micro-
structure of coating, and which could cause failure of the formed ma-
terial under high load, inducing tensile residual stresses; (3) high
porosity and secondary phase (i.e. W3C) found on as sprayed coating
on super-invar. The exact amount of W3C content on the surface is
not known. Pejryd et al. [18] reported in his research work using
modified layer-removal techniques to determine the through-
thickness residual stress distribution present in the coating system.
Coating composition of WC-Co/Cr and WC-Co was deposited by
HVOF process on Ti-6Al-4 V substrate and found that the residual
stresses of WC-Co/Cr coating system was tensile in coating and com-
pressive in the substrate near the surface. while the results of theWC-Co coating was opposite to the system WC-Co/Cr showing compres-
sive in coating and tensile in the substrate, despite similar application
and coating composition. Moderate compressive stresses in as-
sprayed coatings on brass and aluminium substrate reflects domi-
nances of peening mechanism of stress formation over thermal
quenching. This peening effect is due to grit-blast of substrate by alu-
mina before deposition of coating. Amirhaghi et al. [19] reported that
both thermal and intrinsic stresses can contribute to the total residual
stress in the coating. Intrinsic stress can arise from impurities.
There is large amount of factors and parameters which can affect
the properties of the coatings. These factors make it increasingly dif-
ficult to directly compare results of coating from other source. Factors
such as feedstock powder, spraying conditions, equipment, process
parameters and substrates can all lead to dramatic changes in the mi-
crostructure of the coating. Stewart et al. [20], working withWC-17Co
coating deposited on steel substrate, reported a tensile residual stres-
ses of 219 MPa and standard error in the mean of 12 MPa. Ahmed et
Fig. 6. Residual stresses result of WC-Co coating on different substrate.
4729O.P. Oladijo et al. / Surface & Coatings Technology 206 (2012) 4725–4729al. [21] working with a WC-12Co deposited on stainless steel sample,
reported tensile residual stresses of 259 MPa and 37 MPa. Wang et al.
[8] and Pina et al. [9] also reported a value of 165 and 112 MPa re-
spectively. Pejryd et al. [18] reported the residual stress for a WC-Co
coating on A-1 and F-1 samples to be -234Mpa and -822 MPa. Stoica
et al. [22] determined the residual stresses of WC-12Co coatings de-
posited by HVOF employing synchrotron XRD at 15 and 25KeV and
found that the value of residual stress before wear tests are confined
in an interval of about -270 MPa with maximum at -332 MPa. Santana
et al. [23] determined the residual stresses of an as-ground WC-12Co
coating of two different thicknesses, by mean of two different
methods, X-ray diffraction and hole drilling techniques. It has been
determined that the surface residual stresses measured by X-ray dif-
fraction are of compressive in nature, which could be due to grinding
process. The result of the hole drilling test indicated that the through
thickness residual stress distribution are not uniform and are charac-
terized by the presence of tensile peak sresses. Such stresses were ob-
served to decrease towards the coating-substrate interface where the
compressive component of the stress state becomes greater than the
tensile streses.
However, based on this investigations, a coating with lower mag-
nitude of compressive residual stress (approximately -150 MPa)
would not leads to problem condition such as spallation, because
the stress would likely be farther from corresponding yeild strength.
Coatings with tensile strength experience microcracking and spall-
ation (coated super-invar) failure that might rendered their perfor-
mance irrelevant during service.
The coating microhardness increases with increasing coefficients
of thermal expansion despite the secondary phases found on as-
sprayed coating on aluminum and super-invar. Di Maio et al. [24]
measure the microhardness of W3C and W2C as 2650±100kgmm-2
and 2980±100kgmm-2 respectively but not determined in this
reseach work. The residual stresses at coefficients of thermal expan-
sion 1.2 (super-invar) was tensile, but with increasing coefficients
of thermal expansion the state changes to compressive and subse-
quently increases. However, there are only three data points sincethe choice of substrate materials were based on our industrial
purpose.
The calculated penetrating depth of Co-Kα radiation is 3-4 μm in
WC. Therefore, X-ray diffraction analysed a near surface layer. This in-
formation can be an advantage for predicting near-surface residual
stress change in WC- cermet due to frictional and sliding wear,
where wear mechanisms such as ploughing, abrasion etc. are related
to very near surface changes.
5. Conclusions
The residual stresses show compressive stresses on as-sprayed
coating on brass and aluminium, whilist tensile stress was found on
coated super-invar despite same powder was used as feedstock. The
differences in stress results though small in magnitude are due to
the role play by each substrate properties in the cooling and solidifi-
cation processes. A strong link exists between the residual stresses re-
sults and SEM micrographs.
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EigenstrainUsing penetrating high-energy synchrotron X-ray radiation and thermal neutrons, the residual strains and
stresses associatedwith the high-velocity oxygen-fuel (HVOF) thermal spray coating ofWC–Co on two different
substrate materials with significantly different coefficients of thermal expansion (CTE) to that of the coating
material, have been investigated in a systematic approach. This approach enabled quantification of the residual
strain and stress contributions that emanate from the different processing steps associated with the coating
process. An eigenstrain approach enabled direct comparison of the contributions of the different processing steps
to the plastic strains. It is shown that the dominant contribution originates from the grit-blast surface preparation
step. Contributions purely from the coating process are not distinguishable from that of the grit blasting process
within the measurement accuracy. For the as-coated samples no obvious contributions ascribable to the
differences in the CTEs of the substrates, or impact related effects are observed.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Tungsten-carbide based cermet coatings withmetallic cobalt binders,
e.g. WC–Co, are frequently used when wear resistance, high surface
hardness and low coefficient of friction similar to sintered carbide
materials are required. In the industry, WC–Co coatings are typically
deposited on components by plasma or flame spray processes [1,2].
Of these, the high-velocity oxygen-fuel (HVOF) spraying process has
inherent advantages in that the thermal spray process is dominated
by kinetic energy rather than thermal energy. Oxygen and fuel are
mixed and burnt in a combustion chamber at high flow rates (up to
1000 l/min) and with pressures up to 12 bar in order to produce a
high-speed supersonic gas jet. Powder particles in the size range
5–65 μm are injected into the gas jet where they are heated and
accelerated at 600–650 m/s towards the substrate. On impact with
the substrate, particles flatten plastically against the work piece
surface strongly bonding to the substrate to form a laminar coating
composed of many layers called splats. The HVOF gun is rastered
across the substrate to build up the required coating thickness in a
number of passes. Notwithstanding the high temperatures associatedent Division, Necsa Limited,
12 305 5851.
enter).
rights reserved.with the process, the overall thermal energy absorbed in the component
is small, being the energy of each individual small droplet deposited. In
the WC–Co system, in the torch part of the spray gun, the tungsten
carbide melts and reacts with the Co metal binder to form ternary
carbides, and also decarburization of the WC to form metallic W or
secondary carbides such as W2C. In addition, thermal strains generated
as the coating cools in contact with the cooler substrate give rise to
residual stresses parallel and transverse to the surface. Of the various
spraying processes, theHVOFmethod has been found to deposit coatings
with significantly lower levels of carbide decomposition and phase
transformations [3]. Recent studies of HVOF processes indicate that
significant peening stresses arise due to the impact high-velocity
particles [4,5].
Depth resolved investigations of residual stresses in WC–Co
thermal spray coatings employing different techniques have not yet
fully unraveled the residual stress nature. Most techniques utilize
destructive or material removal approaches which inadvertently
lead to changes in the residual stress conditions [6]. Residual stress
analysis of bulkWC and other cemented carbides by neutron diffraction
has become routinely used owing to the deep penetration depths of the
thermal neutrons which are generally about 1000 times greater than
X-rays [7–9]. This enables determination of volumetric stress states
and bulk averages. It is generally observed that the stress is compressive
in the WC phase and tensile in the Co phase. This originates from the
thermal stresses when the material is sintered between 1650 and
4012 A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–40201720 K and cooled to room temperature due to the differences in
CTEs of WC and Co. At room temperature, WC has a stress of about
−500MPa and Co about 2500 MPa [7].
In coated substrate systems, residual stresses are a superposition of
contributions from the sample production history (cold work related to
forging, rolling, extrusion), surface preparation (roughening through
grit blasting) and the coating deposition process. Inherent to the nature
of the HVOF coating deposition process, residual stresses due to the
coatings arise from the impact, cooling, solidification and solid-state
cooling of the splats, first onto the substrate and subsequently onto
existing splats as the coating is built up layer by layer.
There have been numerous methods applied to determine the
residual stresses in cermet coatings [references contained in 11,12].
Most techniques require surface finishing treatment (grinding, electro-
polish, etc.) that inherently alters the as-deposited residual stress
condition and material removal (electrolytic polishing) for depth
resolved information. Investigations of cermets [11] by incremental-
hole drilling and laboratory X-ray diffraction layer removal techniques,
reported a systematic increase in compressive stress with depth up to
the coating substrate interface, ascribed to the inherent peening action
of the HVOF coating process [6]. In addition it is expected that due to
the thermal nature of the HVOF coating procedure, it would lead to
interactive thermal stresses between the coating and substrate.
This study investigates the potential role that differences in the
coefficients of thermal expansion (CTE) between different substrate
materials and WC–Co coatings could have to mutually improve the
functional properties of the substrate-coating combination. Favorable
properties could potentially lead to possible substitutes for bulk
sintered carbides in some wear applications. The integrity of these
sprayed deposits is strongly influenced by the residual stress profiles in
the deposit aswell as the substrate. Amongst others, the residual strain/
stress conditions are important contributors influencing the wear
performance [10]. A systematic characterization of the residual stresses
emanating from the various process steps involved in the HVOF
process is reported here. The study included the parent material (as-
received reference state) prior to and after the grit-blasted surface
roughening preparation, as well as the final as-coated samples. This
perspective primarily focused on influences introduced into the
substrate materials, and where possible, supplemented by results on
the coatings. The substrates were taken to be thick enough to absorb
effects associated with the coating procedure without deformation.
To exploit the thermal nature of the HVOF coating procedure,
substrate materials were specifically chosen to have coefficients of
thermal expansion (CTE) different to that of the coating material, in
order to explore their role on the thermal residual stress responses in
both the coatings and substrates, owing to the extent of the mismatch.
WC has a CTE of 4.6–5.0×10−6 K−1 over the temperature range 20 to
1000 °C. Substrates were chosen to have CTEs respectively larger than
WC, i.e. brass with CTE 19.0–20.5×10−6 K−1 over the temperature
range 20 to 100 °C, and lower than WC, i.e. invar (controlled expansion
alloy) with CTE 1.7–2.0×10−6 K−1 over the temperature range 20 to
90 °C. In general, if the thermal expansion coefficient of the substrate is
larger than that of the coating material a compressive residual stress is
expected in the coating, with the inverse expected for a substrateTable 1
Material characteristics [7].
Substrate
material
CTE
[10−6/K]
Hv coating
[GPa]
Chemical phase content
(XRD results)
Substrate C
Alpha brass
(Cu63/Zn37)
19 10.04±0.01 Cu5Zn3, Co3W3C, Zn W
Super-invar
(Fe64/Ni3)
1 7.91±0.01 FeNi, C Cmaterial with expansion coefficient lower than that of the coating
material.
Diffraction based techniques are noninvasive and when using
penetrating radiation, no surface preparation is required and depth
resolved information is attainable.
2. Experimental
2.1. Samples
WC–Co coatings (WC Co 83/17; powder size−45+15 μm; Flame
Spray Technologies FST K-674.23) were deposited by the HVOF
technique using an industrial 6-axis robotic HP/HVOF Tafa JP 5000®
gun [13] to produce thicknesses of 200 μm on the two different
substrate materials. Substrate materials, brass and super-invar, were
procured from Goodfellow as plates respectively 150×150×6 mm3
and 100×100×6.35 mm3 in size with temper states half hard (brass)
and annealed (super-invar). It is essential to have samples that are
fine grained with minimal industrial processing, to have minimized
recrystallization and cold working effects, that would complicate the
diffraction analyses where small gage volumes are employed. Details
of the plate samples are given in Table 1.
Samples were extracted from the plates as shown in Fig. 1 by
water jet cutting to have representative samples from each of the
HVOF processing steps, i.e. parent material (as-received reference),
grit-blasted (surface roughening) and HVOF as-coated. As part of the
HVOF sample preparation procedure directly prior to coating, the
substrates were grit-blasted on one side to clean and roughen the
surfaces. The grit blasting and coating were done on as large as possible
plates to render homogenous deposition. After the HVOF process smaller
samples, approximately 25×25mm2 in size, were cut from the larger
samples for the microstructural and diffraction investigations. Coating
deposition parameters are given in [10,13]. For this study 3 samples each
for the two materials were investigated, i.e. parent material (reference,
as-received), grit-blasted and as-coated.
The neutron diffraction investigations were done on the 25×25 mm2
samples whereas the synchrotron investigations were done on a
thinned wedge, shown in Fig. 1, cut from the neutron samples by
electrical discharge machining (wire cutting under water using a
0.3 mm diameter wire). This sample shape offered different beam
pathlength selections, especially through the coating, to enable on-
line empirical selection of the beam sample pathlengths that would
render sufficient diffracted intensity from the WC phase, but still
presenting a pathlength of more than 2 mm. Retaining as thick as
possible samples for these investigations, i.e. at least one order of
magnitude thicker than the coating thickness, was essential to ensure
that the in-plane (parallel to the coated surface) and normal
components of residual strain were not adversely relaxed.
2.2. Investigative techniques
Material characterization results are discussed in [13] with param-
eters relevant to the reporting of the residual stress investigation in thisPorosity
[%]
WC grain size
[μm]
Melting point
[°C]
oating
C, W, Amorphous Co 0.46±0.01 0.13±0.01 930
W3, Co 0.75±0.01 0.13±0.02 1454
Fig. 1. Schematic diagram showing the locations where samples were extracted from
the as-procured plates, designated as parent material (reference state throughout this
study), grit-blasted substrate and as-coated sample.
4013A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020document summarized in Table 1. Characterization of the coatings
included:
• Porosity, grain size, macrohardness and microstructure examined
on the coating top surface and on cross sections;
• Elemental and chemical phase composition using scanning electron
microscope (SEM) and X-ray diffraction (XRD);Fig. 2. Optical micrographs (top pictures) of the cross sections and SEM images of theWC–Co sta
display theusual bandedmicrostructure typical of thermally sprayed coatings. EDS analyses of the
scale on bottom right) identify the dark areas as Co, medium light areas as WC and light areas a• Residual strain and stress analyses using both synchrotron radiation
(SR) and neutron diffraction (ND).
The laboratory XRD crystalline phase investigations confirmed that:
no phase changes had occurred in either of the substratematerials owing
to the cold-working action associated with the grit-blasting surface
preparation; the coating phase in both samples is WC with no other
carbide phases present that may have resulted from the thermal nature
of the coating procedure; and the Co binder phase is predominantly
present as an amorphous phase as no crystalline phase could be
detected. Optical images of the WC–Co coating cross sections, Fig. 2,
indicate a dense structure consisting of nano-sized granular grains with
porosity less than 1%, though occasional microcracks are present within
the coatings in directions parallel to the coatings.
By exploiting the penetration depths of high energy synchrotron
radiation (SR) and thermal neutrons (ND), depth resolved strain
information was possible. The approaches reported here utilized 80–
200 keV white beam synchrotron X-rays from the ID15A instrument
at the ESRF employed in energy dispersive mode, as well as 1.74 Å
monochromatic thermal neutrons on the SALSA neutron strain scanner
of the ILL.
Notwithstanding the brilliance and high energy of the synchrotron
X-ray beam employed, beam depth penetration is limited to a few
millimeters in WC. This beam attenuation is proportional to the
atomic number of the material being investigated [14]. For this reason
the thinned wedge sample shapes were used to investigate the
coatings. To ensure consistency in results, all synchrotron investiga-
tions were done on sample shapes and sizes that rendered identical
measurement geometries and beam-sample pathlengths. It was
empirically determined that 2.3 mm of WC–Co (dimension parallel
to the in-plane direction; primary beam direction parallel to the in-
plane direction) rendered data of sufficient accuracy for strainrting powder (a) and coatings on the brass (b) and super-invar (c) substrates. The coatings
SEM images of WC–Copowder (50 μmscale onbottom right) of the coated samples (10 μm
sW2C. The medium colored areas on the optical images are the substrate.
4014 A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020determination, though prolonged data acquisition times had to be
taken. Line scan profiles of the in-plane and normal components of
strain in the coatings were taken simultaneously with SR, Fig. 3, using
the WC-(101) and (112) peaks that presented the highest diffracted
intensities. All other peaks were weak or had significant overlap with
fluorescence peaks from the high energy of the X-ray beam. Measure-
ment times per positionwere 1200 s in theWC and 60 s for the substrate
materials. With the transmission geometry employed, depth resolved
information was achieved by stepwise vertical positioning of the sample
with reference to the 0.03×0.06 mm2 (through surface depth×in-plane
width) incident beam cross section. The instrument was equipped with
two detectors, respectively offset 10° from the primary beam in the
horizontal and vertical planes, that render the in-plane and surface
normal components of strain. The irradiated volume in the sample was a
rectangular cross section (defined above) and spanning the entire
thickness of the sample, i.e. 2.3 mm. Instrument calibration was
periodically performed with an iron powder sample.
The neutron investigations were done on SALSA, equipped with
oscillating 0.6 mm radial collimators defining the gage volume (Fig. 3).
A nominal beam width of 0.6 mm could be established in the sample
depth. An inherent advantage of the radial collimators is that surface
aberration effects are minimized [9]. A beam size (depth× in-plane
dimensions) of 0.6×15 mm2 was employed at the geometrical
center of the 25×25×6 mm3 sample sizes.With SALSA being a constant
wavelength instrument equipped with a single detector, the neutron
measurementswere done on the (311) and (200) reflections for the brass
and invar materials respectively by employing 20 minutes measurement
times per depth position.With the neutron investigations,measurements
were done for both transmission (in-plane strain component) and
reflection (normal strain component) geometries as shown in Fig. 3b.
This was achieved by 90° horizontal rotation of the sample with
reference to the scattering geometry. Notwithstanding prolonged data
acquisition from theWC (101) peak, no intensity distinguishable above
background could be extracted.
It was necessary to accurately determine the position of the sample
surface on the designated coated surface side of all samples. This was
achieved by scanning the sample surface through the incident beam
(synchrotron X-ray and neutron), i.e. entry scan [9]. The surface location
was determinedwhen theoverall integrated intensity dropped to 50%of
the value obtained from a fully submerged gage volume. It was assumed
that, under this condition, half the beam spot is submerged within
the sample. It is estimated that the sample surfaces were determined
within ±0.03 mm for the synchrotron measurements and ±0.1 mm
for the neutron measurements.a b
Fig. 3.Measurement geometries employed with the SR (a) and ND (b) investigations. The u
in-plane and normal strain components. Note that the rectangular sample shape merely indi
as discussed in the text and shown in Fig. 1. For the ND investigations the samples had to be
The schematics show the radial collimation geometry that minimizes surface aberration co3. Results and discussion
Depth resolved residual strain results for the brass samples, Figs. 4
and 5 respectively for the synchrotron and neutron investigations, and
correspondingly for the invar samples, Figs. 6 and 7, are presented. The
lattice strain was determined from the lattice plane spacings dhkl of
specific crystallographic (hkl) reflections measured as a function of
depth and sample orientation (in-plane or normal components)
ε ¼dhhk−d
0
hkl
d0hkl
:
Where d0hkl values are the strain free lattice plane spacing of the
real sample.
Since only single peak analysis was possible with the neutron
diffraction investigations, all data processing was done on the same
Bragg peaks throughout for direct correlation of the results irrespec-
tive of techniques used. Data were taken at all measurement positions
with fully submerged gage volumes. No surface aberration effects were
observed.
The depth resolved strain variation in the as-received brass parent
material (reference state) sample displays a significant oscillatory
variation with depth reminiscent of the cold working production
thereof. This complicates determination of the unstrained lattice
parameter reference required for the strain conversions. This was
addressed by calculating the lattice parameter that would render the
normal stress component zero, i.e. assuming a bi-axial stress condition
throughout. The value calculated with this approach gave a result similar
to that of the lattice parameter averaged for bothmeasurement directions
as function of depth through the sample thickness. Notwithstanding the
lattice parameter through thickness for the invar parent material
beingmore constant, a similar approachwas followedwith the strain
determination in the invar samples. The unstrained lattice parameter
for the WC phase was determined from coating flakes that were
chipped from the coated samples.
The strain results shown include all data points measured without
smoothing. Significant systematic variations (scatter) are observed in
the SR results of both material systems. This is attributed to the small
gage volumes employed that are susceptible to grain size, systematic
errors and orientation effects [15]. In the ND data, the strains are
averaged over larger gage volumes rendering smoother data lines, at
the cost of lower positional resolution, especially close to the surfacesQ
se of two detectors with the SR investigations allows simultaneous measurement of the
cates the measurement geometry. Samples used in this study were the thinned wedges
reoriented to facilitate measurement of the different strain directions as shown in (b).
ntributions [9].
Fig. 4. Residual strain depth dependence determined from the lattice plane spacing of the (311) Cu and (101) WC Bragg peaks measured with synchrotron X-ray diffraction on the
thinned wedge brass sample set. Results are for the parent material reference state (left set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The
substrate coating interface is at 0 mm. The bottom sets of figures show an enlarged view of the results at the near surface region. The error bars indicate the systematic error
associated with the measurements. The lines through the symbols are guides to the eye. Legend:●, substrate in-plane component; ▲, substrate normal component;○, WC in-plane
component; Δ, WC normal component.
4015A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020where steep strain gradients are observed in the grit-blasted and as-
coated samples.
The grit-blasted samples indicated substantial surface and subsur-
face modification in both substrate materials. Upon the rebound of the
shot, together with the restraining influence of the deeper unaffectedFig. 5. Residual strain depth dependence determined from the lattice plane spacing of the (3
Results are for the parent material reference state (left set), the grit-blast substrate (center s
view of the results at the near surface region. The lines through the symbols represent poly
bars indicate the systematic error associated with the measurements. Legend: ●, substratematerial, elastic recovery induces residual stresses parallel to the surface,
while the metal beneath has reaction induced tensile stress. The normal
components acquire large tensile strains with the in-plane components
being compressive up to depths of 0.5 mm from the synchrotron results
and approximately 0.8 mm from the neutron results. This compressive11) Cu Bragg peak measured with neutron diffraction on 25×25 mm2 brass sample set.
et) and HVOF as-coated sample (right set). The bottom sets of figures show an enlarged
nomial curve fits to enable stress calculations at corresponding depth values. The error
in-plane component; ▲, substrate normal component.
Fig. 6. Residual strain depth dependence determined from the lattice plane spacing of the (200) Ni and (101) WC Bragg peaks measured with synchrotron X-ray diffraction on the
thinned wedge invar sample set. Results are for the parent material reference state (left set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The
substrate coating interface is at 0 mm. The bottom sets of figures show an enlarged view of the results at near surface region. The error bars indicate the systematic error associated
with the measurements. The lines through the symbols are guides to the eye. Legend: ●, substrate in-plane component; ▲, substrate normal component; ○, WC in-plane
component; Δ, WC normal component.
4016 A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020nature of the in-plane component after grit blasting compared to
the parent material originates from the localized plastic deformation
inherent to the grit-blasting effect (work hardening). The significant
depth this deformation extends to is reminiscent of the blasting intensity.
As a comparison, in steel the depth deformation due to shot peening atFig. 7. Residual strain depth dependence determined from the lattice plane spacing of the (2
Results are for the parent material reference state (left set), the grit-blast substrate (center s
view of the results at the near surface region. The lines through the symbols represent poly
bars indicate the systematic error associated with the measurements. Legend: ●, substrateintensity level 6A, only extends 0.2 mm[16]. Thus the grit blasting surface
preparation is more severe than traditional shot peening that is routinely
applied to condition sample surfaces that are prone to stress corrosion
cracking or fatigue. The compressive residual stress resulting from grit-
blasting is directly dependent on the blasting pressure, grit size and00) Ni Bragg peak measured with neutron diffraction on 25×25 mm2 invar sample set.
et) and HVOF as-coated sample (right set). The bottom sets of figures show an enlarged
nomial curve fits to enable stress calculations at corresponding depth values. The error
in-plane component; ▲, substrate normal component.
4017A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020distance from the substrate surface [17,18]. The blasting intensity can
be determined with the curvature method. The intensity of the grit
blasting used in the sample preparation of this study was not quantified
since the standard industrial HVOF procedure was applied. All the
samples of this study were done sequentially with the same setup.
The magnitudes and depth dependence of the as-coated samples
display strain magnitudes and depth dependences similar to that
observed for the equivalent grit-blasted samples. The strains in the
WC coating determined from the SR results indicate comparatively
small residual strain values for both the in-plane and normal strain
components. The strains display a gradient dropping off from the surface
to the coating–substrate interface region. Both WC peaks used in the
analysis, WC (101) and WC (112) show similar results, although only
results for theWC (101) reflection are reported. The lowmagnitudes for
the strain values are ascribed to the high stiffness of the WC hardmetal
that has a modulus of elasticity of 722 GPa compared to 122 GPa for
brass.
The in-plane residual stresses existing in the samples are displayed in
Figs. 8–11. Since the synchrotron investigations were taken simulta-
neously with the same sample setup, direct conversion of the strains to
stresses for each depth position could be done from the in-plane and
normal components of strain. The neutron diffraction measurements
necessitated different reorientations of the samples and were measure-
ments thus not taken at coincident depth positions. To enable stress
determinations, 6th order polynomial curves rendered good fits to the
strain (lattice parameter) profiles with the fits shown in Figs. 5 and 7
respectively. Stresses were subsequently determined from the fitted
curves rendering the smooth curves shown in Figs. 9 and 11.
For a bi-axial stress condition, a reasonable assumption for coatings
thinner than 2 mm, is that the stress normal to the surface σ⊥ is zero,
with the in-plane stress (σ//) then determined from
σ== ¼
1
1=2S2 hklð Þ
d==−d⊥
d⊥
 Fig. 8. In-plane residual stress depth dependence determined from the lattice strain results o
on the thinned wedge brass sample set. Results are for the parent material reference state (l
near surface residual stress of the WC determined with laboratory X-rays (Co radiation) is a
show an enlarged view of the results at the near surface region. The error bars indicate the
guides to the eye. Legend: ●, substrate in-plane stress; ○, WC in-plane stress; ▲, WC nearwhere S2(hkl) is the corresponding diffraction elastic constant for
the material and reflection, d// is the in-plane component of the
lattice plane spacing and d⊥ is the normal component of the lattice
plane spacing at the corresponding depth measurement position.
Table 2 summarizes the elastic constants used in the determination
of the stress values.
Significant compressive stresses are observed at the near surface
regions of the grit-blasted and coated samples. Themagnitudes revealed
by the synchrotron results are larger than those of the neutron results
owing to the better depth resolution attainable with the smaller gage
volume, whereas the neutron results are averaged over larger gage
volumes. The systematic approach followed with this investigation
reveals that the primary origin for the substantial increases in
residual stress in the near surface regions is due to the grit-blast
surface treatment, with minimal apparent changes in the results
between the grit blasted and as-coated samples. In both the coated
systems, the in-plane stresses in theWC phase show depth dependence
initially increasing inmagnitude to have amaximum approximatelymid
coating thickness from where it falls off as the interface is approached.
The maximum tensile stress does not exceed 250 MPa in either of the
substrates irrespective of their CTEs. Included on the coating results
are the in-plane residual stresses determined from X-ray diffraction
using Co radiation (6 keV) rendering penetration depths of 2 μm
[19]. A similar depth dependence was observed [20] in the WC
phase with synchrotron investigations of WC–Co deposited on steel
substrates using the sin2ψ technique at two different beam energies
(15 and 25 keV) with estimated penetration depth 5 μm. Compres-
sive residual stresses in the range −270 MPa to −332 MPa were
reported for the as-coated condition, which though become spread
over the range 250 MPa to−1800 MPa after post wear sliding tests.
The low value of the stresses in the coatings is possibly ascribed to the
occurrence of localized microcracking associated when the molten
spray splats being quickly quenched to the substrate temperature. The
underlying substrate constrains the thermal contraction of the splats,
resulting in tensile stresses in the splats that due to the brittle nature off the (311) Cu and (101) WC Bragg peaks measured with synchrotron X-ray diffraction
eft set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The
lso indicated [19]. The substrate coating interface is at 0 mm. The bottom sets of figures
systematic error associated with the measurements. The lines through the symbols are
surface stress (laboratory X-rays).
Fig. 9. In-plane residual stress depth dependence determined from the fitted lattice strain results of the (311) Cu Bragg peak measured with neutron diffraction on the 25×25 mm2
brass sample set. Results are for the parent material reference state (left set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The bottom sets of figures
show an enlarged view of the results at the near surface region. The error bars indicate the systematic error associated with the measurements. The lines through the symbols are
guides to the eye.
4018 A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020the cermets, exceed the breaking strengths of the material, leading to
repeated relaxation through microstructural cracks.
Direct quantification of the contributions due to grit blasting and
the coating process can be attained by considering the plastic strain
profiles (eigenstrains) rather than the residual stresses [16]. It isFig. 10. In-plane residual stress depth dependence determined from the lattice strain results
on the thinned wedge invar sample set. Results are for the parent material reference state (l
near surface residual stress of the WC determined with laboratory X-rays (Co radiation) is a
show an enlarged view of the results at the near surface region. The error bars indicate the
guides to the eye. Legend: ●, substrate in-plane stress; ○, WC in-plane stress; ▲, WC nearimportant to evaluate not only the surface andmaximum subsurface
values of the compressive residual stresses, but also the depth of the
plastically deformed layer. Since depth resolved strain information exists
from this investigation, assessment of the strain results enables non-
destructive assessment of the respective contributions. Decompositionof the (200) Ni and (101)WC Bragg peaks measured with synchrotron X-ray diffraction
eft set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The
lso indicated [19]. The substrate coating interface is at 0 mm. The bottom sets of figures
systematic error associated with the measurements. The lines through the symbols are
surface stress (laboratory X-rays).
Fig. 11. In-plane residual stress depth dependence determined from the fitted lattice strain results of the (200) Ni Bragg peak measured with neutron diffraction on the 25×25 mm2
invar sample set. Results are for the parent material reference state (left set), the grit-blast substrate (center set) and HVOF as-coated sample (right set). The bottom sets of figures
show an enlarged view of the results at the near surface region. The error bars indicate the systematic error associated with the measurements. The lines through the symbols are
guides to the eye.
4019A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020of the residual stress characteristics along the sample depth into regions
dominated by contributions from different deformation processes, i.e.
plastic and elastic, allows for the grit-blast and coating near surface
permanent strains to be extracted from the residual strain profiles. The
strain profile below the treated surface is the combination of elastic
bending with the remaining residual compression arises near the
blasted surface in response to permanent stretching induced by grit
impact. Estimation of the grit-blast and coating associated induced
plastic strain profiles has been determined by subtracting the residual
stress profile from the linear elastic response in the interior of the
sample. This was done as a linear extrapolation of the elastic bending
profile, measured below the plastic layer, to the surface. Figs. 12 and 13
show the plastic strain (eigenstrain) profiles (difference curves) for the
respective grit-blasted substrates onto which the results from analyses
of the coated samples are superimposed. With minimal difference
between the plastic strain dependences after the grit-blasting and as-
coated conditions, the results show the dominance of the peening
mechanism of stress formation over thermal stresses in the as-coated
samples. Furthermore, notwithstanding the impact nature of the HVOF
process, no significant additional stress contributions reminiscent of the
kinetic impact energy of the splats is evident. It is concluded that
minimal thermal energy transfer takes place between the coating spats
and the substrates, thus not capable of activating the thermal stress
mechanism. Since the grit blast stress condition is not altered in the
coated brass sample, it is an indication that the substratewasnot heatedTable 2
Elastic constants used in the determination of the stress values.
Material Reflection used Lattice parameter
[Å]
Brass (Cu63/Zn37) Cu (311) 1.144
Invar (Fe64/Ni3) Ni (200) 1.796
WC WC (101)
WC (112)
1.879
1.023to any significant extent, i.e. lower than the stress relieve annealing
temperature of brass which is 375 °C. The results obtained from the
substrates indicate that the HVOF process in the as-coated samples is
not influenced by the differences in CTEs of the substrate materials.
Thermal treatment may alter the stress state as this could mobilize
the differences in CTEs between the coating and the substrates. A
recent publication [10] found that annealing above 600 °C induced
recrystallization of the amorphous Co binder phase with the formation
of eta carbides Co6W6C and Co2W4C, and that the residual stresses in the
coating became progressively more compressive with increased anneal-
ing temperature that improved abrasive wear resistance.
4. Conclusions
The residual stress results of the two techniques employed in the
non-destructive characterization study of HVOF coated substrates give
qualitatively similar results in accordance to the respective gage volumes
employed. The systematic approach followed clearly shows that the
WC–Co thermal sprayed coating process of both brass and super-invar
alone does not contribute significantly, as a single contributing factor, to
the residual strains in the substrates. This study shows the large strain/
stress misfit between the coating and the substrates emanates primarily
from the grit-blast surface preparation of the substrates that extends up
to at 0.5 mm into the substrates. The residual stresses in theWC coatings
have a parabolic dependencewith depth, initially rising from a low valueS1
[TPa−1]
1/2S2
[TPa−1]
Young's modulus
[GPa]
Poisson
ratio
−2.902 11.106 122 0.354
−1.910 7.539 178 0.339
−0.321
−0.318
1.707
1.686
722
666
0.232
0.234
Fig. 12. Plastic strain profiles (eigenstrains) for brass as determined from strain results of X-ray synchrotron (left) and neutron diffraction (right). Legend: ●, grit blast in-plane
component; ▲, grit blast normal component; ○, as-coated in-plane component; Δ, as-coated normal component.
Fig. 13. Plastic strain profiles (eigenstrains) for invar as determined from strain results of X-ray synchrotron (left) and neutron diffraction (right). Legend: ●, grit blast in-plane
component; ▲, grit blast normal component; ○, as-coated in-plane component; Δ, as-coated normal component.
4020 A.M. Venter et al. / Surface & Coatings Technology 206 (2012) 4011–4020on the surface to a maximum tensile stress at mid coating thickness
not exceeding 250 MPa, whereafter it falls off to a low value at the
coating-substrate interface. It is postulated that the generally low
stress values in the coating originate from localized relaxation due to
the microcracking.
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CoatingWC-17 wt.% Co coatings were deposited using high velocity oxy-fuel (HVOF) spraying onto four different
substrate materials, namely aluminium, brass, 304 stainless steel and super-invar. These substrates have
different coefficients of thermal expansionwhich have been shown to influence the final coatingmicrostructural
properties. The abrasive wear properties of the coatings were characterised using an ASTM-G65 three body
abrasive wear machine with silica sand as the abrasive. The highest mass loss was recorded for the coating on
the aluminium substrate whilst the coated 304 stainless steel showed the lowest mass loss. The coatings on
brass and super invar experienced similar mass losses. SEM studies of the worn surfaces showed preferential
removal of the Co binder phase as well as cracking and rounding of the carbide grains. The differences in
wear behaviour may be attributed to the presence of residual stresses where the highest compressive residual
stress led to the highest wear rate. The coatings deposited onto brass showed compressive stresses whilst
those deposited onto super-invar had tensile stresses, yet these two coatings had similarwear rates. Thus further
study is required to provide conclusive evidence of the role of residual stresses on the abrasion resistance of these
coatings.
© 2012 Elsevier Ltd. All rights reserved.1. Introduction
Increasingly demanding engineering applications have led to
increased requirements for coatings and substrates so that they retain
their mechanical strength and integrity during operation and to
ensure longer component lifetimes [1]. In wear resistance applications,
the coatings generally provide the resistance towear,whilst the substrate
material provides support for any impact to which the component
may be subjected. The high velocity oxyfuel (HVOF) spraying process is
a thermal spray deposition process used to deposit dense tungsten
carbide coatings with excellent wear properties. This is primarily due to
the low decomposition rate of WC during spraying, which in turn is a
result of the high velocities and relatively low temperatures employed
during deposition [2]. Generally, WC–Co coatings in the order of 200 to
400 μmthick are used in commercial applicationswithout compromising
the substrate material properties [3]. The abrasive wear of WC–Co
coatings has been studied by many authors, generally under sliding
wear conditions [1,4–6]. However, not all aspects of the abrasive wear
behaviour of these coatings have been fully investigated, in particular
when deposited onto different substrates. The objective of this work is
to evaluate the abrasive wear resistance of WC-17 wt.% Co thermal
spray coatings deposited onto four different substrates in order to assesslurgical Engineering, University
rica.
.
rights reserved.the effect of substrate on the coating's wear behaviour. The wear mecha-
nisms were investigated and related to coating microstructure.
2. Experimental procedure
A commercially available, spray dried and sintered, WC-17 wt.%
Co powder with a mean particle size of 45±15 μm was used as the
feedstock powder. Fig. 1 is a scanning electron microscope (SEM)
image of the powder showing a spherical morphology with EDS
confirming the presence of W, Co and C. Coatings were sprayed
using a TAFA JP5000 gun system to produce a coating thickness of
approximately 200 μm. The spray parameters were similar to those
used by reference [7] and were kept constant for all coatings. The
parameters were as follows: 4 in. gun barrel; 380 mm spray distance;
0.0227 m3/h fuel (kerosene) flow rate; 56.6 m3/h oxygen flow rate.
All coatings were deposited onto 75×25×9 mm substrates which
had been grit blasted with alumina under identical conditions prior
to coating. Four types of substrates were used, namely aluminium,
304L stainless steel, super invar and brass. The coated samples were
ground and polished to a 0.5 μm surface finish.
Microstructural characterisation of the coatings is reported elsewhere
[8,9] with the results listed in Table 1 for ease of reference. For themicro-
structural analysis, cross-sections were examined by optical microscopy
(OP) and scanning electron microscopy (SEM) equipped with EDS. The
crystalline structure of the coatingswas characterised byX-ray diffraction
(XRD) using Cu–Kα radiation at 40 kV and 20 mA. The grain size of the
coatingswas determined frompolished cross-sectional SEMmicrographs
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Fig. 1. SEM/BSE image showing morphology of the feedstock powder with EDS analysis.
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Fig. 2. Schematic diagram of the ASTM-G65 wear test machine [10].
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on the cross sections of the samples using a Vickers indenter and a load of
5 kg at a dwell time of 10 s. The reported hardness is the average of five
measurements. Residual stress analysis was done using an X-ray stress
analyzer with Co–Kα radiation filtered by V using the sin2θ method.
The anode power was 40 kV and 40 mA. The WC (112) diffraction
plane was scanned at 0.001° per step whilst the interplanar spacing
value was plotted as the function of sin2θ, and the stress determined
from the slope of the curve. A detailed description of the residual stress
method and analysis can be found in reference [9] with the results listed
in Table 2 for ease of reference.
Three body abrasive wear tests were performed on an ASTM-G65
dry sand rubber wheel apparatus. Fig. 2 shows a schematic diagram of
the test set-up [10]. Silica sand procured from Rolfe's silica with a
particle size distribution between 300 and 600 μm was used as the
abrasive material at a flow rate of 4.3 g/s. The morphology of the silica
abrasive is presented in Fig. 3 which shows the angular nature of the
particles. An applied load of 25 N and rotational wheel speed of
140 revs/min were employed. Each sample was abraded for 30 min
with the mass loss being recorded at 5 min intervals. For each coated
substrate, three specimens were used and the average mass loss per
5 min interval was used to determine the wear rate. The wear scars
were examined using SEM.
3. Results
Optical and scanning electron microscopy showed similar micro-
structures of the coatings deposited onto the different substrates as
shown in Figs. 4 and 5. The coatings showed a lamellar microstructureTable 1
Coating properties [8,9].
Substrate Coating
porosity (%)
WC grain size
(μm)
Residual stress
(MPa)
Coating HV5
(GPa)
Aluminium 0.5149±0.001 0.150±0.01 −129±26.2 10.22±0.02
Brass 0.4581±0.002 0.127±0.01 −53.5±28.0 10.04±0.01
304L SS 0.5596±0.001 0.185±0.02 Not measured 9.41±0.01
Super invar 0.7529±0.001 0.133±0.02 74±30.6 7.91±0.01
Table 2
Material properties [8,9].
Materials Specific heat capacity
(J/g °C)
CTE
(10−6/k)
Melting point
(°C)
Brass 0.380 19 930
Aluminium 0.900 23 660
Super invar 0.123 1.2 1454
304L stainless steel 0.460 17.3 1365
WC 0.171 6.0 2870which is due to individual splats forming a layered structure. The
porosity levels are clearly evident in the optical micrographs shown
in Fig. 5 whilst a number of large pores are visible in the SEM images
in Fig. 4. In general the calculated porosity levels are low (Table 1) forFig. 3. Morphology of silica abrasive.
(b)
20 µm
(a)
20 µm
Fig. 4. Optical micrographs of theWC-17 wt.% Co coating on (a) aluminium and (b) brass.
(b) 
(a) 
Fig. 5. SEM/BSE images of the coating on (a) brass and (b) 304L stainless steel. The light
phase is WC and the dark phase is Co.
Fig. 6. Micro-cracks observed on the coated super-invar.
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agreement with the optical micrographs in Fig. 5. The WC grains
were mainly equiaxed in shape and embedded in the Co matrix.
EDS scans revealed that all the coatings were composed of W, Co
and C. The coating deposited onto the 304L stainless steel substrate
also indicated the presence of aluminium at the interface which
originates from the alumina grit-blast preparation of the substrates
prior to coating deposition. No evidence of diffusionwas found at the in-
terfaces between substrate and coating. The coatings on the super-invar
substrate showed micro-cracks in some regions as shown in Fig. 6.
These cracks are thought to be caused by the residual stresses which
develop during deposition [9] and would weaken the bonding strength
between coating and substrate and are expected to influence the wear
properties. The mean WC grain sizes of the coatings are given in
Table 1 and were in general similar and small. It might be expected
that less porosity would be associated with the smaller grain size, but
this was not the case.
Fig. 7 shows the X-ray diffraction spectra of the powder and coated
surfaces. The feedstock powder comprised only ofWC and Co. Prominent
WC peaks were found on all coatings, whilst Cowas only detected on the
coated aluminium and super-invar substrates. EDS scans revealed that Co
is present on all four coated substrates. Its omission from the XRD spectra
indicates that the amount of pure Co is too low to be detected which
suggests that the cobalt binder in these two coatings may be saturated
by tungsten and carbon. Traces of eta phase in the form of W2C on the
aluminium and W3C on the super-invar were detected. Stewart et al.
[11] reported that W2C formed on splat quenching and was caused by
dissolution of WC in the Co matrix.The hardness of the substrates and coatings is shown in Fig. 8. The
highest hardness was achieved for the coated aluminium which is
partially due to the presence of the hard eta phase. The lowest coating
hardness was found for super-invar. Although eta phase was also
found on this coating the micro-cracks revealed during microscopic
examination led to a reduction in hardness. The hardness of the coated
brass is slightly lower than that of the aluminium, whilst the coated
304L stainless steel had the third lowest hardness.
The results of average cumulative mass loss for each coated
substrate during the 30 min test duration are shown in Fig. 9, with
the wear rates for each coated substrate after 30 min shown in Fig. 10.
The general trend of increasing mass loss as time progresses is seen
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Fig. 7. XRD pattern of the WC powder and as-sprayed coating.
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the highest average mass loss, despite having the highest hardness.
The coated brass and super-invar samples show similar mass loss
trends. The coated 304 stainless steel begins to show the lowest mass
loss after 20 min, even though it has the second lowest hardness
value. These results do not follow the general trend of increasing hard-
ness being associated with a decrease in wear rate. This implies that
additional factors are determining the wear response of the coated
substrates.
To understand the wear behaviour, the wear scars were examined
using SEM. Fig. 11 shows plan view SEM images of the worn surfaces.
Similar wear featureswere observed on all four worn coated substrates.
However, the degree of damage differed among the substrates. The
worn coated aluminium images revealed extensive cracking of the
carbide grains, as well as fragmenting of the carbides into smaller pieces.
Fewer cracked and fragmented carbides were observed on the coated
super-invar and brass substrates, with extremely few seen on the coated
304L stainless steel substrates. The worn surfaces of all the coated
substrates were also characterised by Co binder removal in selected
areas leaving the carbide grains unsupported. The coated 304L stainless
steel showed limited binder removal whilst the coated aluminium
reflected the highest level of binder removal. Rounding of the carbide
grain edges was observed on all four worn coated substrates. In randomFig. 8. Hardness of the WC–Co coatings and the different substrates.areas, individual and multi-grain pull-out, as well as surface micro-crack
paths was noticed. A few deep wear grooves were visible, indicating the
direction of abrasive wear.
4. Discussion
The investigation of the abrasive wear properties of the four coated
substrates gave different wear resistances despite using the same WC–
Co feedstock powder. It was observed that despite having the highest
hardness, the coated aluminium samples had the highest wear rate.
SEM studies showed that this coated substrate had the highest level of
Co binder removal. Removal of the binder phase provides relief to the
matrix causing the carbide grains to crack as the stresses inside the
grains are relieved. Cracking of the exposed carbide grains may also
occur due to micro-fatigue action of the abrasive against the grains
during testing. These types of wear mechanisms, found on all the worn
surfaces, are common in the abrasion of HVOF coatings [12]. The poor
performance of the coated aluminium may also be attributed to the
W2C phase present in this coating. The presence of this phase is said to
be due to decarburization occurring at high temperature during spraying
[13,14]. Engqvist et al. [15] reported that the hardness of the W2C phase
is 3000 HV which is higher than WC (HV=1300–2300). Therefore
this phase would increase the overall coating hardness and explains
why this coating had the highest hardness value. However W2C is
reported to be brittle [16] and fractures easily during abrasion. Therefore0 5 10 15 20 25 30
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Fig. 9. Average cumulative mass loss for each substrate coating.
Fig. 10. Wear rate of coated substrates after 30 min of testing.
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high wear rates observed for the coated aluminium despite having the
highest hardness.
The coated brass and super-invar samples were in the mid-range
of mass loss, and considering the small standard deviations in mass
loss, could be considered as having equal wear resistances. The coated
super-invar had the highest porosity, lowest hardness, W3C (HV=
2650±100 [17]) and micro-cracks (not present in the other coatings)
which should have led to this coating experiencing the highest wear
rates; but did not. The coated brass samples had the lowest porosity,
second highest hardness, and no eta phase or micro-cracks and
were therefore expected to have a lower wear rate than the coated
super-invar substrates. The lowest wear rates, which signify a better
abrasion resistance, were shown by the coated 304L stainless steel
samples. Yet these coatings had only the third highest hardness and
the second highest porosity. In SEM studies of the worn coated 304L
stainless steels it appeared that a high degree of melting is occurring
during deposition. This is known to lead to a better bond strength
between substrate and coating, as well as better bonding between
the carbide grains and binder [11]. This is probably the reason why
very little binder removal, few cracked carbide grains and in general,
smoother wear scars were observed for this coating.
The paradox between the wear rates and coating microstructural
properties such as hardness, eta phase and micro-cracking indicates
that other factors play a role in the wear behaviour of these coatings
despite using the same feedstock powder and the same coating deposi-
tion parameters. The results indicated that coating hardness is dependent
on substrate, therefore hardness and consequently the wear response of
a coating cannot be generalised for a specific coating irrespective of
substrate. It was expected that the coating hardness would decrease
with increasing WC grain size, but this was not conclusive with the
small amount of data and high scatter. However, hardness decreased
with increasing porosity as expected. The differences in the hardness
values of the coatings may be attributed to the role played by the sub-
strate properties (Table 2) during cooling and solidification of the coating
after depositionwhich influence the residual stresses produced. The coat-
ing hardness was observed to increase with increasing coefficient of
thermal expansion of the substrate. The processing parameters during
deposition are also known to affect coating hardness [18,19] although
these were kept constant in the current study for all the coatings. During
deposition each powder particle is heated in the combustion chamber of
the HVOF gun and then projected towards the substrate. On impact with
the substrate, it deforms into a lamella which cools down and solidifies.
The combustion temperature could be as high as 3000 °C and then the
temperature decreases depending on the difference between this and
the coating's melting range. Using forced cooling, the temperature of
the substrate of a WC–Co coating was approximated to be 500 °C by
Stoke et al. [20]. The cooling of both substrate and coating after sprayingleads to the formation of residual stresses in the individual lamellar struc-
tures. The variations in porosity across the different coatingsmight be as a
result of fuel gas flow during coating deposition, as observed by Arturas
[18] since the substrates were different materials. However the overall
measured porosity levels are low and with the exception of super-invar,
are similar for all coatings. Thus the role of porosity in the observed
wear response is considered minor.
Some understanding of the wear response of the different coatings
may be gained from considering the interaction between the SiO2
abrasive and the coating microstructure. The SiO2 abrasive particle
size ranged from 300 to 600 μm, whilst the average WC grain size of
the coatings is in the range of 0.12 to 0.19 μm. On this basis all the
coatings responded homogenously during wear, even though the Co
binder is preferentially removed. The hardness of the SiO2 abrasive
is 800 HV [21] whilst the hardness of the coatings ranged from 807
to 1042 HV. The ratio of the hardness of the abrasive particles to the
hardness of the coatings (Ha/Hm) is in the range of 0.77–0.99.
These calculated ratios are less than 1.2 which signifies the boundary
condition between soft and hard abrasion as defined by Hutchings
[21] and would therefore place the abrasive wear of all the coatings
in the soft abrasion category. This classification confers with the extent
of damage observed on the worn surfaces, where the soft Co phase is
preferentially removedwhilst the hardWC grains remain largely intact.
The SiO2 abrasives are unable to indent and crack the WC grains due to
their differences in hardness values. The applied stress during abrasion
was calculated to be 0.06 MPa but the actual pressure is expected to be
higher than this as the real contact area between individual abrasive
particles and the coating surface is lower than the surface area of
420 mm2 used to calculate the nominal stress. The yield strength of
each coating was calculated using Cahoon et al.'s [22] formula with n
assumed to be 0.15 and the values are listed in Table 3. The yield
strength of the coatings far exceeds the applied pressure and indicates
that all four coatings have a good abrasion resistance.
In the current study the contribution of residual stresses and strains
on thewear performance of the different substrate–coating combinations
has been considered. The origin of residual stresses in coatings has been
investigated by several authors [2,3] and it has been shown that the
material and the deposition process may produce residual stresses
which can cause a large mismatch between thermal, structural and
mechanical properties of the layers and substrates. Specific to thermal
spray coatings, quenching stresses due to rapid cooling of the coating,
thermal mismatch stresses between the substrate and the coating and
phase transformations during deposition have been identified as sources
of residual stresses. Residual stress in the material can be tensile or com-
pressive and the nature of the overall residual stress in coated systems
may be determined by criteria identified by Stokes and Looney [20] on
the basis of the cooling stresses associated with the relative values of
coefficients of thermal expansion between coating and substrate. The
authors determined that a tensile stress would develop in the coating
when αc>αs whilst a compressive stress would develop when αcbαs
where αc and αs represent the values of coefficients of thermal expan-
sion for the coating and substrate respectively.
In work published by the current authors (Table 2), compressive
stresses were found on the coatings deposited onto the brass and
aluminium substrates, whilst tensile stresses were found on the
coated super-invar [9]. These variations in the residual stresses
were considered to be due to the following factors which are consid-
ered to play a crucial role in cooling and solidification of the coating
after deposition: (1) differences in coefficient of thermal expansion;
(2) decomposition of WC; (3) specific heat capacity of the respective
substrate; (4) kinetic impact of the particle on the substrate during
the HVOF process caused by the heat transport from the coating to
the substrate. The tensile stress observed in the super-invar coating
likely led to the micro-cracks observed in the coating deposited
onto this substrate. The same was found by Stokes and Looney [20],
who also stated that compressive stresses may lead to buckling or
(a) (b)
(c) (d)
(e) (f)
(h)
30 µm 10 µm
30 µm 10 µm
30 µm 10 µm
30 µm
(g)
10 µm
Fig. 11. SEM/BSE micrographs of the worn coating surfaces on (a) and (b) aluminium (c) and (d) brass (e) and (f) super-invar (g) and (h) 304L stainless steel.
Table 3
Yield strength of the coatings.
Substrate Brass Aluminium Super-invar 304L Stainless
steel
Coating yield strength (GPa) 2.37 2.41 1.87 2.22
293O.P. Oladijo et al. / Int. Journal of Refractory Metals and Hard Materials 35 (2012) 288–294delamination of the coating. However this was not observed on the
coatings deposited onto the brass and aluminium substrates which
showed compressive stresses. The coated aluminium which had
the highest compressive stress had the highest wear rate. As stated
earlier the preferential removal of the Co binder phase causes relaxa-
tion of these residual stresses which facilitates carbide grain cracking.
The high stress levels observed in this coating are considered to be
294 O.P. Oladijo et al. / Int. Journal of Refractory Metals and Hard Materials 35 (2012) 288–294the reason for the high degree of carbide grain cracking observed in
the worn surface of this coating which subsequently led to the high
wear rates measured. The coated brass samples showed compressive
stresses and the coated super-invar had tensile stresses, yet the
wear rates of the coatings on these two substrates were similar.
Thus the role of residual stresses on abrasion resistance needs further
study before any conclusive remarks can be made. Analysis of strain
mismatch between coating and substrate to understand the adhesion
properties is underway and some initial results on the brass and
super-invar materials can be found in reference [23] using synchro-
tron measurement. A large strain misfit between the coating and
the substrates was found and this was attributed to the grit-blasting
surface preparation of the substrates prior to deposition. The different
substrates showed different strain behaviour with the measured
strain values in the coatings being low in magnitude. These differ-
ences in strain misfit between substrate and coating as well as the
residual stresses in the carbide coating will influence the adhesion
properties between the coating and substrate and consequently influ-
ence the coating's integrity and wear performance.6. Conclusions
The abrasive wear resistance of WC-17 wt.% Co thermal sprayed
coatings deposited onto four different substrates yielded very differ-
ent wear resistance characteristics despite being produced from the
same feedstock powder using the same deposition parameters. The
highest mass loss was recorded for the coating on the aluminium sub-
strate whilst the coated 304 stainless steel showed the lowest mass loss.
The coatings on brass and super invar experienced similar mass losses.
SEM studies of the worn surfaces showed preferential removal of the
Co binder phase as well as cracking and rounding of the carbide grains.
The differences in wear behaviour may be attributed to the presence of
residual stresses where the highest compressive residual stress led
to the highestwear rate. The coatings deposited onto brass showed com-
pressive stresses whilst those deposited onto super-invar had tensile
stresses, yet these two coatings had similar wear rates. Thus further
study is required to provide conclusive evidence of the role of residual
stresses on the abrasion resistance of these coatings.Acknowledgements
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Abstract 
Aluminium, 304L stainless steel, super-invar and brass substrates were coated with WC-
4.88wt%Co using the High Velocity Oxyl-Fuel (HVOF) technique. Microstructure and phase 
identification studies were done using optical microscopy, scanning electron microscopy, X-ray 
diffraction and atomic force microscopy. X-ray residual stress and microhardness 
measurements were also undertaken. Porosity and grain sizes were determined. From the X-
ray diffraction spectra of the sprayed coatings, differences in the phases present for each 
coated substrate were observed. The coatings had similar microhardnesses within experimental 
error. The residual stress results were different for each coating sprayed onto different 
substrates. These differences were interpreted as originating from the different specific heat 
capacities and coefficients of linear thermal expansion of the substrates. 
 
1. Introduction
WC-Co alloys are widely used in many industrial fields owing to their advantageous 
characteristics including high hardness, moderate toughness, and excellent wear resistance [1-
2]. Thermal spray coatings are widely applied in industrial technology for the protection of base 
materials against different types of environmental effects such as temperature, chemically 
aggressive fluids, abrasive wear and hot gas corrosion. Many authors have conducted research 
on the different types of deposition methods, the effect of powder morphology and spray 
parameters on microstructure evolution and coating properties [3-4]. The microstructure and 
wear performance of WC coatings can be influenced by many factors including the spray 
processing method [6,7], and structure of feedstock [6-9].  However, not all aspects are fully 
understood. WC-Co coatings also depend on the characteristics of the substrate. The High 
Velocity Oxy-Fuel (HVOF) spraying process has become one of the preferred techniques for 
depositing dense WC coatings on a variety of substrates to give excellent wear performance, 
owing to its high velocity of placing particles and relatively low temperatures, which result in less 
decomposition of the WC during spraying [5]. In wear-resistance applications, the coated layer 
provides the wear resistance, while the substrates support any impact to which the component 
(coating and substrate) is subjected. The objective of this work was to examine the effect of 
substrate on the microstructure of WC-Co coatings sprayed by the HVOF process. The work 
was also done to gain a better understanding of the decomposition process of tungsten carbide 
during thermal spraying and the structure of the coatings. 
 
2. Experimental procedure 
The WC-4.88 wt% Co powder used as a feedstock was prepared by sintering. The typical 
morphology of the powder is shown in Fig. 1. The surface of the substrate to be coated was 
machined, chamfered and grit blasted with aluminum before depositision. Coatings of about 
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200μm in thickness were deposited on four substrates, namely aluminium, 304L stainless steel, 
super-invar and brass samples of 12x10x9mm in size. These were prepared by using a TAFA 
JP5000 HVOF spraying system. Kerosene was the fuel and oxygen was used for the deposition 
of the coating. Specimens were cut and metallographic samples were made of the cross-
sections through the coatings. Cold mounting resin was used and the final polish was 0.5μm. 
 
 
 
 
 
 
 
    
 
 
 
 
 
Fig. 1. SEM/BSE micrograph of WC-4.88 wt%Co powder. 
 
For microstructure analysis, optical microscopy (AXION 25) and scanning electron microscopy 
(SEM) with backscattered electron imaging (BSE) was used. The porosity of the coatings was 
determined using Archimedes` principle. The grain size of the coatings was determined from the 
polished cross-sectional micrographs obtained from the scanning microscope and using linear 
analysis. An atomic force microscope (AFM) with a tip radius <10nm was employed to measure 
the surface roughness of the coatings cross section using a surface area of 25.4μm2. 
Microhardness measurements were conducted on the cross sections of the samples using a 
Vicker’s indenter and a load of 5kg at a dwell time of 10s. The result was obtained from an 
average of five readings. X-ray diffraction (XRD) was conducted for the powders and coatings 
with Cu-Kα radiation at 40kV and 20mA on a Philips 1710 Diffractometer. Residual stress 
measurement taken on coating surface was done on an X-ray stress analyzer with Co-Kα 
radiation filtered by V using the sin2θ method. The anode power was 40kV and 40mA. The WC 
(112) diffraction plane was scanned at 0.001O per step while the interplanar spacing value was 
plotted as the function of sin2θ, and the stress was determined from the slope of the curve. 
 
3. Results 
3.1 X-ray diffraction 
Fig. 2 shows the X-ray diffraction spectra of the powder and coated surfaces. The starting 
powder comprised only WC and Co, but different phases were found for the different coated 
samples. All the coatings had a broad peak at 2θ ≈ 440. The XRD results of the coated 
aluminium sample showed WC and metallic Co with only a small amount of W2C.The coating on 
304L stainless steel revealed the presence of WC only with no Co. Detection of cobalt (Co) can 
be slightly compromised as XRD can be sensitive to the detection of cobalt [10]. For super-
invar, the XRD spectrum was significantly different from the others and was of a poorer quality, 
with broad peaks. There were large Co peaks as well as large W3C peaks. The brass sample 
showed WC, no Co and the possibility of some free W by the slight peak at 2θ ≈ 440. Two 
different carbides were found; W2C in aluminium sample, and W3C on the super-invar. 
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Fig. 2 XRD spectra of (a) WC-4.88% wt% Co powder and   (b) coated aluminum sample, (c) 
coated  304L stainless steel sample, (d) coated  super-invar sample and (e) coated  brass 
sample
 
3.2 Microstructure characterization 
Optical and scanning electron microscopy showed similar microstructures of the coatings 
deposited on the different substrates. The optical micrograph in Fig. 3 shows how the coating 
fitted the irregular surface, which would create a good mechanical bond. The porosity can also 
be seen. The SEM/BSE micrographs of the WC-4.88 wt% Co coatings are shown in Fig. 4. At a 
higher magnification, the coatings showed pores and equiaxed WC grains of different sizes in a 
Co matrix. EDX analysis showed that all the coatings were composed of W, Co and C, except 
for the 304L stainless steel sample which had Al in addition. The presence of aluminium at the 
interface is thought to originate from the alumina grit blast preparation of the substrate before 
deposition of the coating. The phase contrasts are in agreement with X-ray diffraction results. 
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The porosities observed in the microstructures were very low, except for super-invar which had 
a slightly higher porosity.  
 
(a)                                                                  (b) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Optical micrographs of WC-4.88 wt% Co coatings (bottom) on different substrates: (a) 
aluminium and (b) brass 
 
 
(a)                                                                   (b) 
 
 
 
 
 
 
 
 (c)                                                                     (d) 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4. SEM/ BSE images of WC-4.88 wt% Co coatings on different substrates: (a) aluminium, 
(b) 304L stainless steel, (c) super-invar and (d) brass. 
3.3 Grain size and porosity 
The grain size and morphology of WC-Co powder affect the mechanical properties of the 
coatings. Initial WC grain size is 0.37µm. The mean WC grain sizes in the coatings are given in 
Table 1. 
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Table 1. Porosity, mean grain size and substrate physical properties. 
Substrate Porosity  (%) 
WC grain 
size(µm) 
Melting Point 
(OC) 
Specific heat 
capacity 
(J/gOC) 
α(106/C at 
20OC) 
Aluminium 0.5149±0.001 0.150± 0.01 660 0.900 23 
Brass 0.4581±0.002 0.127±0.01 930 0.380 19 
304L SS 0.5596±0.001 0.185±0.02 1365 0.460 17.3 
Super-invar 0.7529±0.001 0.133±0.02 1454 0.123 1.2 
α=coefficient of linear thermal expansion 
 
The mean grain sizes were in general similar and small.  It might be expected that less porosity 
would be associated with smaller grain size, but this was not the case. The grain size 
distribution in Fig. 5 shows a good homogeneous distribution for stainless steel and brass, 
whereas more irregular grain sizes were seen in aluminium and super-invar. Table 1 shows that 
the porosity of the super-invar coating was a little higher than the rest of the samples, which is in 
agreement with metallography. The brass sample had slightly lower porosity.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Grain size distribution of the coatings on different substrates: (a) aluminium, (b) 304L 
stainless steel, (c) super-invar and (d) brass. 
 
3.4 Surface Roughness 
The three-dimensional surface roughness measured on the coatings by atomic force 
microscopy is shown in Fig. 6, and the results are given in Table 2. The aluminium and brass 
samples had similar roughness values. 
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Table 2. Properties of the coatings.  
Substrate 
Surface roughness 
Rq (nm) 
Residual stress of 
WC (MPa) 
HV coating 
(GPa) 
HV substrate 
(GPa) 
Aluminium 35 -149.8±50.2 10.22±0.02 0.09±0.01 
Brass 32 -47.5±43.1 10.04±0.01 1.40±0.01 
304L SS 10 -162.2±36.5 9.41±0.01 2.71±0.01 
Super-Invar 24 -17.6±44.6 7.91±0.01 1.53±0.01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. AFM surface profiles of WC-4.88 wt% Co coatings on different substrates: (a) aluminium, 
(b) 304L stainless steel, (c) super-invar, and (d) brass. 
     
3.5 Residual stress 
The residual stresses in the WC phase at the surface of the coatings are shown in Table 2. The 
stresses were compressive in nature which has a beneficial effect on the coating’s adhesion 
and mechanical properties [11]. The compressive nature might be due to the grinding process 
after coating affecting the first two microns, because the same WC-Co powder was used as 
feedstock on all the substrates. 
3.6 Coating hardness 
The microhardness values of both coatings and substrate are shown in Table 2 and Fig.7. The 
results indicate a higher microhardness in the coating compared to the substrates. The value for 
the coated aluminum sample was slightly higher than the other coated samples due to the 
occurrence of W2C. 
  
(d) (c) (b) (a) 
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Fig. 7. Microhardness values of WC-Co coatings and the different substrates. 
 
4. Discussion 
It was observed that the highest hardness was achieved for the aluminium coated substrate that 
had WC, Co and W2C. The lowest coating hardness was for super-invar, which showed WC 
W3C and Co. The steel substrate also contained W3C but its effect does not appear as great as 
for super-invar. W3C is detrimental to hardness whereas W2C is not. Di Maio et al. [12] measure 
the micro hardness of W2C and W3C as 2980 ± 100kg mm
-2  and 2650 ± 100kg mm-2 
respectively but not determined in this research work. Stewart et al. [13] found that W2C formed 
on splat quenching and was caused by dissolution of WC in the Co matrix. Bouaricha et al. [14] 
reported that microhardness would be closely related to a coatings porosity level and 
degradation of the carbide phase during spraying. Several secondary phases appear in the as-
sprayed coating despite the absence of any phases in the starting material [13,15]. There was 
no relationship between the degree of decarburization and the melting point of the substrate.  
 
It is expected that the hardness would decrease with increasing grain size, but this was not 
conclusive with the small amount of data and high scatter. However, hardness decreased with 
increasing porosity as expected. The microhardness increased with increasing coefficient of 
thermal expansion. Thus, hardness depends on microstructural features such as the level of 
porosity and residual stresses resulting from the coating technique. The porosities were below 
0.7%, similar to the work of Zhao et al. [16]. The variations in porosity across the different 
coatings might be as a result of fuel gas flow during coating preparation, as observed by Arturas 
[17] since the substrates were different materials. The experimental results show that the 
residual stresses were quite different. There was a large variation in the residual stresses with 
large errors, and these did not appear to be related to the coating hardness, nor to the 
difference between the coating and substrate hardness or surface roughness. 
No relationship could be seen with melting point and residual stress. Similarly, no relationship 
was seen between coefficient of thermal expansion and residual stress, perhaps because the 
scatter was too high. With increasing specific heat capacity, there is a plateau of residual stress 
around -150MPa, which was reached between 0.4-0.5 heat capacity. However, there are only 
four data points. The processing parameters could also have an effect [17,18]. The surface 
roughnesses are expected to be good due to grit blasting the substrate before coating. No 
relationship could be seen between coating micro hardness and surface roughness. 
The differences observed in the coating results such as size of WC grains, roughness, 
hardness, and new phases occur despite using same powder as a feedstock is due to: Influence 
of substrate on coating, the properties of each substrates which plays a crucial role in cooling 
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effect of the samples after deposition of coating. Thus enhance the properties of the coatings. 
Its contribution in adhesion of the coating is observed. Coating techniques and substrate 
influence might influences the occurrence of the secondary phases appear in the as-sprayed 
coating  
 
5. Conclusion 
The structure of WC-Co coatings sprayed by HVOF on different substrates gave different 
properties, despite using the same powder (WC-4.88 wt%Co) as feedstock. The occurrence of 
W2C and W3C phases after coating could not be explained due to the substrate as the 
decarburization occurred at the lowest and the highest temperatures. However, since the 
coating procedures on the samples had not been optimized, there might be too many variables. 
The specific heat capacity of the substrate appears to have the strongest effect. 
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Abstract. Investigations of interaction residual stresses between thin WC-Co surface coated layers 
on thick mild steel substrates have successfully been performed with neutron diffraction. This 
systematic approach was conducted on the reference grit-blasted substrates and their HVOF coated 
WC-Co products. Using a sub-millimeter gauge volume, precisely positioned, the stress gradient 
through the coated and non-coated substrates were determined and used to derive the coating stress 
condition prevailing in the thin coating by applying the stress balance (Stoney) approach. In 
addition, the average stress in each 200 μm thick coating was measured directly with very good 
agreement obtained between the calculated and measured stress values. Investigations were 
extended to determine the thermal nature of the residual stresses by studying the annealed 
counterpart samples as well to follow the evolution of the residual stress upon annealing. 
 
Introduction  
WC-Co cemented (WC) metal matrix (Co) composite have important mechanical properties 
owing to their high toughness [1], high wear resistance [2], and very large thermal residual stresses 
in the as-produced state [3]. Thermal sprayed coatings of these cemented carbides are widely used 
in industrial applications to offer protection of base materials against environmental loads including 
high temperature, hot gas corrosion, etc. Likewise the purpose of a coating design often is to 
improve the properties of the system compared to the pure base material [4]. High Velocity Oxygen 
Fuel (HVOF) is one of the leading thermal spray techniques [5] for the establishment of such 
coatings that are strongly bonded to the substrates with minimal temperature and deformation 
effects.  Therefore their characterization is of general interest. 
The aim of this study was to investigate in a systematic approach the residual stress conditions 
prevailing in a system of thin WC-Co coatings on mild steel substrates that has a coefficient of 
thermal expansion different to that of the coating. The neutron strain scanning investigations were 
done on the KOWARI neutron strain scanner using a sub millimeter sized gauge volume and paying 
special attention to gauge volume localisation accuracy and treatment of edge effects. Investigations 
were extended to the annealed counterpart samples to examine experimentally whether heat-
treatment is beneficial for stress relaxation/alteration procedure. 
 
Experimental 
Samples for this study comprised WC-17 wt.% Co powder (28% vol. fraction), 15 micron sized, 
as feedstock for the HVOF coating process. Coatings about 200 μm in thickness were deposited by 
a TAFA JP5000 HVOF system on mild steel (SABS1431 grade 300WA) substrates. Details of the 
coatings deposition are discussed elsewhere [1,6]. 
 Microstructure analysis 
Influences due to annealing on the microstructures were analysed using scanning electron 
microscopy (SEM) equipped with energy dispersive X-ray analysis (elemental composition) and 
secondary electron (BSE) imaging capabilities, macrohardness measured by Vickers indenter (5kg 
load at a dwell time in 10s), as well as chemical phases identification by X-ray diffraction (XRD) 
using Cu radiation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b)    
Figure 1. Results from microstructure analyses on mild steel samples: (a) SEM/EDX of coating 
cross section of as-coated sample; (b) SEM /EDS of sample annealed at 700 °C. The bright fields 
on the images are WC grains, the dark areas cobalt and the bright gray phase are eta phase of Co. 
On the annealed sample, Fig.1b, new crystalline and dendritic phases have been formed.  
 
Neutron diffraction stress measurements 
Owing to the extremely small coating thickness of 200 μm (in sense of neutron diffraction stress 
experiment) measurements were done employing a fine through thickness mesh strategy with the 
aim to obtain the coating stress indirectly, i.e. through stress balance in the coating/substrate system. 
High accuracy and large amount of data points were essential to compensate for the unfavourable 
ratio between the thicknesses of the coating (0.2 mm) and the substrate (e.g. 8.3 mm). In addition, 
an attempt has been made to measure stresses in coatings directly. The two approaches gave a good 
countercheck on each other. 
 A sub-millimetre gauge volume was chosen in order to balance different competing factors such 
as through-thickness spatial resolution (to be able to measure sharp stress distribution from grit 
blasting, possibly superimposed stress from the substrate production process, and to avoid edge 
effects [8,9]), statistical uncertainty (to achieve strain accuracy better than 50 μstrain) and total 
measurement time limited by the length of the experiment. The latter specifically limited the 
accuracies attainable in the WC coating owing to the relatively large neutron attenuation of steel.   
The residual stresses measurements have been carried out using the neutron stress diffractometer 
Kowari (ANSTO, Australia). The measurements were done in individual through-thickness 
locations covering the entire sample thickness, forming a line profile with 0.3 mm spacing between 
points. In locations close to the surface (where high stress gradient was expected due to peening 
from grit blasting) extra points were measured. In order to optimise localisation of the gauge 
volume, the take-off angle 2θM of the Si (400) monochromator was varied to maintain a close to 90° 
measurement geometry. Instrument settings for reflections measured in the samples are summarised 
in Table 1.  
 
Table 1: Instrument settings and material constants for the reflections measured 
Reflection 2θM λ, Ǻ 2θB Gauge 
volume 
(actual), mm 
Sample 
thickness, 
mm 
S1,     
TPa
-1 
½S2, 
TPa
-1 
Fe (211) 76.0˚ 1.67 91.3˚ 0.3x0.3x15 8.3 -1.26 5.72 
        
WC (112) 64.0˚ 1.44 90.0˚ 0.3x0.3x15 0.2  1.65 
WC (211) 67.0˚ 1.50 92.1˚ 0.4x0.4x15 0.2  1.82 
At each location, d-spacings were measured along the principle directions, in-plane and normal 
to the surface. The balanced biaxial plane stress assumption was used to recalculate stresses from 
the measured d-spacings and the diffraction elastic constants (calculated using the self-consistent 
method of Kröner [7]) for the stress conversions reported in Table 1. 
To separate stresses originating from the spray process from pre-existing residual stresses (e.g. 
from cold rolling of the substrates and/or grit blasting process), neutron stress measurements were 
done on the uncoated pair substrate samples. They were treated as separate samples and measured 
using the same procedure. The crucial part of the measurements was high positioning accuracy to 
enable combining multiple data sets taken from different samples and directions. Position accuracy 
of 0.01 mm was maintained throughout all measurements. For measurements in substrate materials 
that was sufficient to ensure that positioning errors are smaller than the counting statistical errors, 
but for stress measurements in 0.2 mm WC coating, under conditions of partial illumination, the 
positioning error was larger reaching value of ~100 μstrains. In this case, it was included in the 
analysis as a significant part of the reported total errors. 
 
Results and discussion 
Microstructural analyses 
Comparison of the as-spayed and annealed coated samples shows that new phases has been 
produced in the previous amorphous area and that WC grains have been partly dissolved and mixed 
with the cobalt matrix to produce new crystalline and dendritic phases. Heat treatment also 
decreased the macrohardness of the coating. Likewise, decreased grain size and increase in porosity 
in the annealed microstructural properties compared to as-coated are observed.  
 Neutron diffraction stress analysis 
Results of the stress profiles measured in the mild steel substrate series are shown in Fig. 2 as a 
comparison between the residual stress distributions observed from the as-coated and substrate-only 
samples, respectively for as-coated and annealed counterpart series. The differences between each 
set of profiles yield the stress purely due to the elastic effect from the WC coating. It appears in Fig. 
2b as a change in slope of the stress profile, while in Fig. 2a this change is small and almost 
invisible. Formal data analysis results of the differential stress distributions (differences between 
coated samples and substrate-only samples) are given in Fig. 3 for both conditions investigated. For 
the as-sprayed sample, stress in the substrate is very small and the predicted stress value in the 
coating derived from stress balance condition is estimated at -36 ± 118 MPa. Relatively large errors 
result from the lever rule applied and error propagation, so that ratio between the error in coating 
(~118 MPa) and an individual error in substrate (~10 MPa) are related by a factor 
subscoatsubs Ntt , where Nsubs is the number of measurement points taken in the substrate. Thus, 
with the given thickness ratio, significant accuracy improvement can be achieved by measuring 
more points or/and with better accuracy. Although uncertainty of ~100 MPa might be seen to be 
large, for the annealed sample it can be considered as acceptable with stress value in coating -340 ± 
80 MPa. This unambiguously demonstrates that a substantially larger compressive residual stress 
develops after thermal treatment.  
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Figure 2. Experimentally measured through-thickness stress profiles for steel samples in a) as-
sprayed and b) annealed conditions. Profiles measured in substrate only samples are also shown. 
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Figure 3. Experimentally determined through-thickness stress profiles for steel samples in 
a) as-sprayed and b) annealed conditions and model fit of the experimental data.  
 Table 2: Comparison of residual stresses in WC coatings determined under different thermal 
conditions, i.e. experimentally measured directly and predicted from stress balance using the 
measured through thickness stress profiles in the substrates.  
Substrate/Condition stress, MPa, 
experiment 
stress, MPa 
prediction
 
stress, MPa 
average
 
Steel / as-sprayed  
Steel / annealed  
28 ± 334 
-490 ± 407 
-35 ± 41 
-340 ± 29 
-34 ± 41 
-341 ± 29 
 
For the as-sprayed WC coatings on steel substrates, the stress in the coating is moderately 
compressive. This demonstrates dominance of the peening mechanism of stress formation over 
thermal quenching stress. After heat treatment, the stresses reach almost ten times larger values.  
With heat-treatment, the initial stress distribution with characteristic peening stress in the 
substrate disappears. The newly formed stress is thermal and originates from the fact that CTE of 
the metal substrate ( 161012~)(  Ksteel ) is larger than CTE of the WC coating 
( 16102~)(  KWC ) which generates compressive stress in the coating when the system is 
cooled from the stress-relieve annealing temperature.  
 
Conclusions 
The coating/substrate systems in as-coated and annealed conditions were assessed using 
microscopy, hardness measurements x-ray diffraction analysis and residual stress neutron 
diffraction. Remarkably, stress in the 200 μm thick coating were measured directly, though with low 
accuracy, and derived indirectly, utilizing stress balance principle and by measuring the stress 
profiles in substrate with great care. The later approach allowed achievement of accuracies of 30-50 
MPa. The peening nature of the stress in coatings in as-sprayed conditions has been confirmed and 
thermal origin of the residual stresses after annealing was demonstrated. 
 
Acknowledgements 
The authors acknowledge support from Necsa, DST/NRF Centre of Excellence in Strong Materials, 
University of the Witwatersrand, as well as the Bragg Institute for beam time awarded on the 
KOWARI instrument, and the support provided during the investigations.  
References 
[1]   O.P. Oladijo, A.M. Venter, L.A. Cornish, N. Sacks and S. Shrivastava, PM2010 Powder 
Metallurgy World Congress Proc. 3 (66) (2010) 1-8. 
[2] H. Liao, B. Normand, C. Coddet, Surf. Coat. Technol., 124 (2000) 235-242. 
[3] Krawitz, D.G. Reichel, R. Hitterman, Mater. Sci. Eng. A119 (1989) 127-134. 
[4] T. Keller, N. Margadant, T. Pirling, M.J. Riegert-Escribano, W. Wagner, Mater. Sci. Eng. A 
373 (2004) 33-34. 
[5] J. Stokes, L. Looney, Surf. Coat. Technol., 148 (2001) 18-24.  
[6]   S. Luyckx, C.N. Machio, Int. J. of Refract., Metals & Hard Materials 25 (2007) 11-15. 
[7] E. Kroner, Zeitschrift fur Physic A Hadrons and Nuclei 151 (1958) 504-518. 
[8] Spooner S and Wang X L, J. Appl. Cryst. 30 (1997) 449. 
[9] Bruno G et al. Nucl. Instr. Meth. in Phys. Res. B 246 (2010) 425. 
 Characterisation of the residual stresses in HVOF WC-Co coatings and 
substrates 
Andrew M. Venter1,2, a, O. Philip Oladijo2,3,b, Lesley A. Cornish2,3,b and 
Natasha Sacks2,3,b   
1
Reseach and Development Department, Necsa Limited, Pretoria, South Africa 
2
DST/NRF Centre of Excellence in Strong Materials, South Africa 
3
School of Chemical & Metallurgical Engineering, University of the Witwatersrand, South Africa 
a
Andrew.Venter@necsa.co.za, 
b
seyiphilip@gmail.com, 
c
Lesley.Cornish@wits.ac.za,
d
Natasha.Sacks@wits.ac.za 
Keywords: HVOF coated substrates, WC-Co coatings, depth resolved strain/stress, eigenstrain. 
 
Abstract. Residual strains and stresses associated with the processing steps of the industrial high-
velocity oxygen-fuel (HVOF) thermal spray technique, were non-destructively characterised in both 
the coatings and substrates. A range of substrates, having coefficients of thermal expansion different 
from that of the as-coated WC-Co material, were considered to assess the potential role of the 
thermal misfit associated with the coating procedure. Surface and depth resolved studies of the in-
plane and normal components of residual strains have been investigated by exploiting the 
penetrating capabilities of high energy synchrotron X-rays in conjunction with micron sized gauge 
volumes to enable strain gradient determination in the combined systems with high positional 
resolution. Results revealed large residual strain/stress mismatches at the interface region in all the 
substrate materials, whereas the strains/stresses in the coating material were small, seemingly 
independent of the substrate material. The different HVOF process contributions were qualitatively 
assessed in terms of an eigenstrains (plastic deformation) approach. 
 
Introduction 
Tungsten carbides (WC), traditionally classified as hardmetals, are widely used in many 
industries owing to their beneficial combination of functional properties. In addition to their high 
strength, toughness and hardness, they offer favourably high wear resistance, and can act as thermal 
and/or chemical barriers. Cemented carbide coatings, such as WC-Co, can provide hardness and 
wear resistance similar to that of solid sintered carbide components. Thus, coated cemented carbides 
of suitable substrate materials can potentially substitute bulk WC systems in many applications, and 
in doing so, alleviate the substantial over demand and competitive supply of bulk WC. In industry, 
substrates are routinely coated using the high-velocity oxygen-fuel (HVOF) flame spray process for 
thermal and chemical barriers. Such coatings are formed by the impact of molten fine powders 
directed at supersonic speeds onto substrate materials with a spray gun applicator. The adhesion 
mechanism is subsequently kinetic energy driven rather than thermal energy. The latter is limited to 
the contribution of each individual splat. Subsequent minimal heating of the substrates occurs.  
We explore here the possible role that differences in CTE between the substrates and as-
deposited coating can potentially contribute to the establishment of beneficial interactive residual 
stresses in the combined system that could enable utlisation of HVOF coated substrates in wear 
applications. The results reported here pertain to the systematic non-destructive characterization of 
the residual stresses associated with the HVOF process in the different substrate systems, followed 
from the as-received parent material to the final as-coated systems, i.e. in both the substrates and 
coatings, since they form an interactive system. 
 
 
 
 Experimental 
Substrates have been selected with coefficients of thermal expansion (CTE) covering a range of 
values with respect to that of the WC-17Co powder (28% volume fraction, 15 micron particle size) 
as summarized in Table 1. The selected substrate materials, in order of decreasing CTEs, were 2000 
series aluminium, brass, 304L stainless steel, 300WA mild steel and super invar. 
Extensive characterisation investigations on the samples and coatings were done to determine the 
microstructural properties, hardness and chemical phase contents [1-4]. All coatings were found to 
be fine grained (smaller than 0.17 micrometers), had less than 1% porosity and with the coatings 
being primarily WC with a small amorphous content, ascribed to being metallic Co. No chemical 
phase changes were observed from the cold working process associated with the grit-blast surface 
preparation treatment on any of the substrates. It is thus concluded that the chemical contents of the 
as-coated coating were independent of the CTE differences between the WC-Co and the different 
substrates of this investigation.  
Residual stress investigations of the sample sets were done with X-ray diffraction, XRD, (Co 
radiation giving 7 keV energy on a Bruker D8 Discover instrument equipped with an area detector) 
and high energy (>80 keV) synchrotron radiation, SR, (ID15A beam line at the European 
Synchrotron Radiation Facility, France). With these techniques, the XRD results give the residual 
stresses limited to a depth of 3 micrometers from the surface, with the SR results enabling depth 
profiling through the coating and substrates, albeit for a thinned sample geometry. Fig. 1 shows a 
schematic diagram of the sample selection from larger original plates and treatments routes [1]. 
Each substrate set comprised the as-received parent material, the grit-blast surface prepared sample 
and the as-coated sample. Coating thicknesses were in the order of 200 mirometers throughout, with 
the substrates taken to be at least 6 mm thick, so as not to be deformed by the stresses associated by 
the coating. Attempts to produce thicker coatings lead to delamination effects. A key material 
preparation step in the HVOF coating process is the grit-blast of the parent substrate material to 
roughen the surface for improved adhesion.  
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
Fig. 1: Schematic of the sample selection and treatment is shown in (a). The XRD investigations 
were done on the samples labeled a, b and c, while the SR radiation, utilised for the depth resolved 
studies, were done on the thinned edge samples shown towards the top right. This latter geometry 
enabled in-situ beam pathlength optimization through the tough-to-penetrate WC. Measurements 
were done in transmission geometry through the sample thickness as shown in (b) at a beam 
pathlength choice of 2.5 mm. This rendered a coating geometry at least an order of magnitude 
thicker than the coating to limit stress relaxation during the sample cutting (electrical charge 
machining). For the SR investigations, the instrument was equipped with two detectors with 10° 
offset respectively from the primary beam in the horizontal and vertical planes, which rendered the 
in-plane and surface normal components of strain. [1].  
 
 
 Results 
 Gauge sizes employed were 0.8 mm diameter for the XRD and 0.03 x 0.06 mm
2
 (through 
thickness depth x in-plane width) for the SR measurements. Instrument calibration was performed 
with an iron powder reference. Coincidence between the sample surface and the primary beam was 
established with surface entry scans [1] to an estimated accuracy of ± 0.03 mm.  
Lattice strains were determined from the measured lattice plane spacings dhkl with reference to 
the strain free lattice plane spacing d
0
hkl of the as-received parent material in the case of the 
substrates and WC chipped flakes as reference for the coatings. 
 
 
 
As an example of the typical SR results attained with all the investigations on the coated systems 
of this study, we specifically report the strain results on the 304L stainless steel sample set as a case 
study in Fig. 2. The depth resolved results for both the in-plane and normal components of strain are 
shown. Notwithstanding each measurement point having an individual accuracy of better than 20 
mircostrain, the anomalous scatter between data points was attributed to the smallness of the gauge 
volume employed which is susceptible to grain size, systematic errors and orientation effects [5]. 
The scatter was retained and reported for completeness. The stress in the as-received parent material 
in essence remained constant throughout the sample thickness within the systematic scatter 
observed. The grit-blasted substrate had substantially altered residual strains at the surface in both 
strain components. In the WC coating, both components of strain were unusually small, taking 
cognizance of the large discontinuity at the interface. The magnitude and depth dependence of the 
overall strain field in the as-coated substrate was very similar to that of the grit-blasted substrate.  
 
 
 
 
 
Figure 2:  
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Fig. 2: Residual strain depth dependence determined from the austenite (311) reflection in the 304L 
stainless steel substrate and (101) WC Bragg peaks as measured by SR. Results are for the as-
received parent material (left set), the grit-blast substrate (centre set) and HVOF as-coated sample 
(right set).  The substrate coating interface is at 0 mm.  The bottom set of figures show an enlarged 
view of the results at the near surface regions.  The error bar indicates the systematic error 
associated with the measurements.  The lines though the symbols are guides to the eye.  Legend: ●, 
substrate in-plane component; ▲, substrate normal component; ○, WC in-plane component; ∆, WC 
normal component. 
hkl 
hkl 
d 
d d  hhk   
0 
0  
  
 For a bi-axial stress condition, a reasonable assumption for coatings thinner than 2 mm, is 
that the stress normal to the surface σ⊥ is zero, from which the in-plane stress (σ//) component can 
then determined from: 
 
 
 
where S2(hkl) is the corresponding diffraction elastic constant for the material, d// and d⊥ 
respectively are the in-plane and normal components of the lattice plane spacing at the 
corresponding depth positions. Table 1 summarises the diffraction elastic constants (DEC) used in 
the determination of the stress values. 
 Fig. 3 shows the in-plane component of residual stress determined for the 304L stainless 
sample set. In the as-received parent material, the stresses were in essence constant throughout the 
sample thickness, apart from the systematic scatter. In the grit-blasted sample, large compressive 
stresses existed at the near surface region owing to the localized plastic deformation associated with 
the surface roughening step. In the as-coated sample, the stress values are not significantly different 
from those of the grit-blast sample. The systematic approach followed with this investigation 
revealed that the primary origin for the substantial compressive stress in the near surface regions in 
HVOF coated systems were primarily due to the grit-blast surface treatment, with minimal apparent 
contribution specifically from the coating step. The stress in the WC coating did show some depth 
dependence, although it could not be unambiguously quantified, due to the overall systematic scatter 
in the data.  Order of magnitude correlation was observed between the average residual stress 
determined in the coating and that measured at the near surface region with XRD, as summarized in 
Table 1. 
 
 
 
 
 
 
 
Fig. 3: In-plane residual stress depth dependence determined from the lattice strain results of the 
(311) austenite peak and (101) WC Bragg peaks measured with SR.  Results are for the parent 
material reference state (left set), the grit-blast substrate (centre set) and HVOF as-coated sample 
(right set).  The near surface residual stress of the WC determined with laboratory X-rays (Co 
radiation) is also indicated [1,2]. The substrate coating interface is at 0 mm.  The bottom figures 
show enlarged views of the results at the near surface region.  The error bars indicate the systematic 
error associated with the measurements.  The lines through the symbols are guides to the eye. 
Legend: ●, substrate in-plane stress; ○,WC in-plane stress; ▲, WC near surface stress (laboratory 
X -rays). 
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  Table 1 summarises the residual stress results for all the samples of this study as determined from 
XRD and SR.   
The low value of the stresses in the coatings of all the substrates was ascribed to the occurrence 
of localized microcracking, perpendicular to the surfaces, associated with the molten spray splats 
being quickly quenched on impact by the cold substrate, which constrained the thermal contraction 
of the splats, resulting in tensile stresses in the splats, that due to the brittle nature of the cermets, 
exceeded the braking strength of the material, leading to relaxation through microstructural cracks 
[4]. Notwithstanding the resulting stress relaxation, the integrity of the coatings was not 
jeopardized. Cracks parallel to the surfaces would be most detrimental, as they can lead to 
delamination.  
    
Table 1: Summary of materials and residual stress values determined in the substrates and HVOF 
coatings. 
Material 
CTE 
[10
-6
/K] 
Reflection 
DEC 
[TPa
-1
] 
Residual stress in grit-
blast substrates 
[ MPa ] 
Residual stress in as-
coated coatings 
[ MPa ] 
S1 ½S2 XRD SR XRD SR 
WC 
WC-17Co 
2 WC (101) -0.321 1.707 ---- ---- ---- ---- 
Aluminium 23 Al (311) 
-5.05 
 
19.462 
 
-160 ± 10 -200 ± 25 -15.7 ± 17 
-160 ± 
50 
Brass 
Cu63/Zn37 
19 Cu (311) -2.902 11.106 -123 ± 10 -303 ± 25 -53.5 ± 28 -40 ± 25 
304L Stainless steel 
Fe/Cr29/Ni16/C6 
17 Fe (311) 
-1.598 
 
7.034 
 
-159 ± 36 -458 ± 25 24.6 ± 19 22 ± 50 
Mild steel 
SABS1431 grade 
300WA 
12 Fe (211) 
-1.26 
 
5.72 
 
-172 ± 23 -441 ± 25 30.5 ± 19 60 ± 50 
Super invar 
Fe64 / Ni 36 
≤ 1 Ni (200) -1.910 7.539 -251 ± 10 -695 ± 25 74 ± 31 288 ± 25 
 
 
To quantify the different contributions associated with the two dominant processing steps, the 
plastic depth strain profiles (eigenstrains) [6] were considered in Fig. 4 for a number of samples of 
this study. The eigenstrain approach is a sensitive parameter, since the strain profiles in the samples 
contains the elastic strains constrained by the plastic deformation, especially near the grit-blast and 
coated surfaces. Inherent to our systematic approach, the eigenstrain for each process contribution 
was individually determinable by subtracting the measured through thickness residual elastic strain 
profiles in the as-received parent material from each of these samples. The curves of Fig. 4 show the 
plastic strain (eigenstrain) profiles associated with the different processing steps for four of the 
substrates. 
Summary 
The non-destructive and systematic approach followed with this investigation has enabled the 
isolation of each of the processing step contributions to the residual strains and stresses in coated 
substrates having a range of CTEs different the WC-Co coatings. It is concluded that the grit-
blasting process primarily induced compressive stresses at the surfaces, whilst the as-coated stresses 
in the coatings were independent of the CTEs. The smallness of the residual stresses in the WC-Co 
coatings was ascribed to the formation of localized perpendicular micro cracks.     
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Fig. 4: Plastic strain profiles (eigenstrains) for (a) brass; (b) super invar; (c) stainless steel; (d) mild 
steel determined from strain results of the depth resolved X-ray synchrotron investigations. Legend: 
●, grit blast in-plane component; ▲, grit blast normal component; ○, as-coated in-plane component; 
∆, as-coated normal component. 
References 
[1] Venter AM, Pirling T, Buslaps T, Oladijo OP, Steuwer A, Ntsoane TP, et al, Systematic 
investigation of residual strains associated with WC-Co coatings thermal sprayed onto metal 
substrates. Surf. Coat. Technol. 206 (2012) 4011–4020. 
[2] Oladijo OP, Venter AM, Cornish LA, Sacks N. PM2010 Powder Metallurgy World Congress 
Proceedings, Florence, Italy, 3(66) (2010) 1–8. 
[3] Oladijo OP, Venter AM, Cornish LA, Sacks N, X-ray diffraction measurement of residual 
Depth relative to interface [ mm ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2
P
la
st
ic
 s
tr
a
in
 [
 1
0
-6
 ]
-4000
-2000
0
2000
4000
GB: In-plane component
GB: Norml component
CT: In-plane component 
CT: Normal component
Depth relative to interface [ mm ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2
P
la
st
ic
 s
tr
a
in
 [
 1
0
-6
 ]
-4000
-2000
0
2000
4000
GB: In-plane component
GB: Norml component
CT: In-plane component 
CT: Normal component
 stresses in WC-Co thermally sprayed coatings onto metal substrates, Surf. Coat. Technol. 206 
(2012) 4725–4729. 
[4] Oladijo OP, Sacks N, Cornish LA, Venter AM, Int. J. of Refractory Metals and Hard Materials 
35 (2012) 288–294 
[5] Steuwer A, Santisteban JR, Turski M, Withers PJ, Buslaps T, J. Appl. Cryst. 37 (2004) 883-889. 
[6] Zhang SY, Venter AM, Vorster WJJ, Korsunsky AM, J. Strain Analysis 43 (2008) 229-241. 
 Residual stress in WC-Co coated systems studied by high resolution neutron diffraction 
 
Vladimir Luzin
1
, Andrew M. Venter
2,3
, O. Philip Oladijo
3,4
,  Lesley Cornish
3,4
, Natasha Sacks
3,4
 
1
 Bragg Institute, Australian Nuclear Science and Technology Organisation, Lucas Heights NSW 2234, Australia 
2
 Research and Development Division, Necsa Limited, Pretoria, South Africa 
3
 DST/NRF Centre of Excellence in Strong Materials, University of the Witwatersrand, South Africa 
4
 School of Chemical and Metallurgical Engineering, University of the Witwatersrand, South Africa 
 
 
A series of thin (200 μm) WC-Co coatings on various thick substrates were made by HVOF spraying. Residual stress in the 
coated system, occurring due to discrepancy in thermal expansion of substrate and coating material and also peening and 
thermal relief processes, has been investigated with neutron diffraction using the KOWARI strain scanner at Australian OPAL 
research reactor. Residual stress profiling has been performed through thickness of the substrates and coating with high 
resolution in order to study evolution of the residual stress starting from the peening stress near the grit-blasted surface of 
substrates  to stress imposed by HVOF deposition process, to stress after heat-treatment of the samples. 
 
1 Introduction 
WC-Co cemented (WC) metal matrix (Co) composite are 
widely used in industrial applications to protection of base 
materials against high temperature, hot gas corrosion, etc., 
due to their high mechanical properties (toughness, high 
wear resistance).   High Velocity Oxygen Fuel (HVOF) is 
one of the thermal spray techniques [5] that is used for 
deposition of such coatings. Structural integrity of the 
coatings (cracking, coating-to-substrate bonding, absence of 
spalling and distortion effects) can be compromised by very 
large thermal residual stresses in the as-produced state [3]. 
Also, some important coating properties (e.g. wear 
resistance) and performance in service are stress related and 
require stress mitigation. 
The aim of this study was to investigate systematically the 
residual stresses in a system of thin WC-Co coatings on 
substrates of different materials sprayed by HVOF.  
Because the difference between thermal expansion 
coefficient of the coating and substrate materials can be 
changed in wide range, the thermally induced stresses are 
also expected to be different. Investigation involved both 
as-sprayed coated samples and their annealed counterparts 
to examine experimentally whether heat-treatment is 
beneficial for stress relaxation/alteration procedure. 
Studying stress WC-Co coatings with x-ray diffraction is 
problematic because of extremely small penetration depth 
of only few microns [1] and sensitivity to the surface 
defects (roughness, oxide films, surface cracks). The 
neutron diffraction with a sub millimetre spatial resolution 
was used to investigate residual stress in coatings and 
substrates through thickness because of higher penetration. 
 
2 Experimental 
2.1 Samples 
Samples for this study comprised WC-17 wt.% Co powder 
(28% vol. fraction), 15 micron sized, as feedstock for the 
HVOF coating process. Coatings about 200 μm in thickness 
were deposited by an industrial TAFA JP5000 HVOF 
system on the following substrates 
 Brass (Cu63/Zn37), 6.4 mm thick 
 Mild steel (SABS1431 grade 300WA), 8.3 mm thick 
 Invar (Fe64/Ni36), 6.5 mm thick 
 Aluminium (2xxx alloy), 6.2 mm thick 
Two sample sets were prepared, as-sprayed series and their 
counterparts after annealing. Annealing temperature of the 
samples was adjusted to the substrate material: 375°C for 
brass, 700°C for steel, 875°C for invar and 375 for bronze 
and aluminium. The heat treatment was for 1 hour. 
 
2.2 Coating characterisation 
Microstructure and phase transformations due to annealing 
were analysed using scanning electron microscopy (SEM) 
equipped with energy dispersive X-ray spectrometer (EDS) 
and secondary electron (BSE) detector. In addition, 
crystallographic phase identification was carried out by X-
ray diffraction (XRD) using Cu radiation. Macrohardness 
measured by Vickers indenter (5kg load, 10 sec dwell time).  
 
2.3 Neutron diffraction stress measurements 
If X-ray diffraction is not well suited for stress analysis in 
WC, the neutron diffraction stress measurements with sub-
millimetre spatial resolution are also challenging because of 
limited flux of neutron beams. Coating thickness of 200 μm 
is extremely small in sense of neutron diffraction stress 
experiment. Two strategies were employed to resolve stress 
in the system: (i) a direct measurement of the stress in the 
WC-C coating and (ii) an indirect approach using 
measurements in the substrate together with the stress 
balance condition in the coating/substrate system to derive 
stress in the coating. In the second case, high accuracy and 
large amount of data points (fine through-thickness mesh) 
were essential to compensate for the unfavourable ratio 
between the thicknesses of the coating (0.2 mm) and the 
substrate (e.g. 8.3 mm).  
The residual stresses measurements have been performed on 
the neutron stress scanner Kowari (ANSTO, Australia). A 
sub-millimetre gauge volume was chosen in order to 
balance different competing factors such as through-
thickness spatial resolution (to resolve sharp stress 
distribution from grit blasting statistical uncertainty (~50 
μstrain) and reasonable total measurement  time.  
The measurements in substrates were done through-
thickness, usually with spatial resolution 0.3 mm and with 
0.3 mm spacing between mesh points. For coatings, 0.2 mm 
in size gauge volume was used for stress measurements, 
which significantly limited the attainable accuracy of stress 
measurements in the WC coating. To optimise localisation 
of the gauge volume, the neutron wavelength was adjusted 
to provide close to 2θM = 90° measurement geometry.  
 At each location, d-spacings were measured along the two 
principle directions, in-plane and normal to the surface. The 
balanced biaxial plane stress assumption was used to 
recalculate stresses from the measured d-spacings. 
To separate spray process induced stresses from pre-
existing residual stresses (especially from grit blasting 
process), neutron stress measurements were done on the 
uncoated pair substrate samples. They were treated as 
separate samples and measured using the same procedure.  
Special attention was payed to gauge volume localisation 
accuracy (10 µm) and treatment of edge effects. For stress 
measurements in 0.2 mm WC coating, under conditions of 
partial illumination, the positioning error was larger (50 
µm) resulting in ~100 μstrains and it was included in the 
analysis as a significant part of the reported total errors. 
 
3 Results 
3.1 Coating properties 
Some of the data obtained in sample characterization are 
reported in the Table: 
Substrate 
material  
CTE,  
10-6/K   
Chemical phase content  
(XRD results)  
WC grain size [ μm ] 
As-sprayed  Annealed  As-sprayed  Annealed  
α-Brass  
(Cu63/Zn37)  
19  
WC, 
Amorphous 
Co  
  WC, Co 1.02±0.01  0.63±0.01  
Super-Invar  
(Fe64/Ni36)  
1  WC, Co,     WC, Co 0.94±0.01  0.64±0.01  
Mild steel 11 
WC, Co, 
Co6W6C 
WC, 
Co6W6C,   
Co3W3C 
1.14±0.01 0.53±0.01 
Aluminium 23 WC, Co WC, Co 0.83±0.01 0.56±0.01 
More data and microscopy images can also be found in [2]. 
The reported data demonstrate complex phase and 
transformation occurring during annealing process. 
 
3.2 Residual strain/stress 
As a result of the data analysis, an example of stress profile 
(only for Al samples) is shown in Fig. 1. 
-6 -5 -4 -3 -2 -1 0
through-thickness position, mm
-100
-50
0
50
100
s
u
b
s
tr
a
te
 s
tr
e
s
s
, 
M
P
a a) as-sprayed
-1000
-500
0
500
1000
c
o
a
ti
n
g
 s
tr
e
s
s
, 
M
P
a
 
-6 -5 -4 -3 -2 -1 0
through-thickness position, mm
-100
-50
0
50
100
s
u
b
s
tr
a
te
 s
tr
e
s
s
, 
M
P
a
-1000
-500
0
500
1000
c
o
a
ti
n
g
 s
tr
e
s
s
, 
M
P
ab) annealed
 
Fig. 1. Through-thickness stress profile in WC coating on 
aluminium substrate sample in two different conditions. 
In the same figure it is demonstrated how fitting to the stress 
profile in the substrate the stress in the coating is conjoined 
(solid line) and provides estimated value for the stress in 
coating in the indirect approach. 
In Fig. 2 coating stress values are expressed in terms of 
strain, so that strain can be correlated with thermal 
mismatch due to the difference of the thermal expansion of 
the coating and substrate. Negative sign of strain 
corresponds to coating compression. 
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Fig. 2. Strain in samples of different substrate material. 
 
4 Conclusions 
Two approaches were tested in order to measure residual 
stress in 200 µm thick WC coatings on substrates of 
different materials, 6-8 mm thick, using neutron diffraction. 
It was shown that in coating materials with high absorption 
of neutrons (Fe, Ni) the direct measurement of the thin WC 
coatings is not an optimal strategy because of big losses on 
neutron beam. (In Ni alloy it was impossible.) In these 
materials the indirect derivation of the stress in coating 
through stress/momentum balance condition, when stress 
profile is accurately measured through thickness, is the best 
option. For weakly attenuating materials (Al, Cu, Zn) the 
direct and indirect measurements are almost equally good 
and provide similar quality results.  
A strong correlation between residual elastic strain (stress) 
and the thermal expansion of the substrate material is 
observed: the highest strain is observed in aluminium 
substrate samples (CTE = 23×10
-6
 1/K), while the smallest 
strain is in the Super-Invar samples (CTE = 23×10
-6
 1/K). 
This observation suggests the thermal origin of the residual 
stress in the coating/substrate system and this conclusion is 
valid for both series of sample, as-sprayed and annealed. 
The fact that residual stress/strain is larger in the annealed 
series is most likely due to quenching (solidification of the 
molten particle) contributing tensile stress into total balance 
produces less compressive stress for as-sprayed condition. 
Other factors (e.g. difference in heat dissipation or interplay 
of several phases and their transformation during HVOF 
spraying in comparison with annealing process) can also 
lead to a shift in the stress balance. 
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Thermally sprayed coatings based on tungsten carbide 
are widely used in industry. Many authors have 
conducted research on the different types of deposition 
methods, the effect of powder morphology and spray 
parameters on microstructure evolution and coating 
properties
1-2
. However, not all aspects are fully 
understood. The principal application of these coatings is 
to resist severe wear associated with mechanisms such as 
abrasion, adhesion, fretting and erosion. The wear 
resistance of a coating depends not only on the spray 
system used, but also on the characteristics of the 
particular spray powder and substrate. This work is 
concerned with the effects of different substrates on the 
thermally sprayed WC-Co coatings. 
 
Two substrates, 304L stainless steel and commercial 
aluminium, were coated with WC-Co using a High- 
Velocity Oxygen Fuel system (HVOF). The 
microstructures of the coatings were characterized by 
means of optical microscopy (Axion 25), scanning 
electron microscopy (SEM) (JOEL JSM-840), using 
backscattered electron imaging with EDX, and X-ray 
diffraction (XRD). The microhardnesses were 
determined by the Vickers indentation method. 
 
EDX analysis of the 304L stainless steel sample 
microstructure shown in Fig. 1 gave identified 
components of W, Co, C and Al. The presence of 
aluminium at the interface is thought to originate from 
the grit blast preparation of the substrate before 
deposition of the coatings. The XRD results showed the 
presence of the crystalline WC phase with the (Co) 
preserved as an amorphous phase. Detection of the latter 
was slightly compromised as XRD is less sensitive for 
the detection of cobalt
2
, and so smaller (Co) peaks were 
observed. The typical layered coating morphology from 
the superposed layers deposited parallel to the substrate 
interface was observed in both samples. 
 
EDX analysis of the microstructure of the coating on the 
aluminium substrate, shown in Fig. 2, indicated the 
presence of W, Co, and C. The XRD analysis revealed 
the presence of W2C in addition to the phases observed 
in the 304L stainless steel substrate.  
 
Microhardness values measured across the width through 
cross-sections of the sample coatings and substrates are 
summarized in Table 1. The difference in the 
microhardness values between the coatings on the two 
substrates is due to the presence of porosity and the 
occurrence of W2C, and may also be due to residual 
stresses resulting from the coating techniques, or due to 
minor diffusion of elements from the substrate to the 
coatings. 
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Table 1.  Average microhardness measurements taken 
across the cross-sectional slices. 
Substrate Hv Coating 
(GPa) 
Hv Substrate 
(GPa) 
304L Stainless 
steel 
9.41 ± 0.01 2.71 ± 0.01 
Aluminium 10.22 ± 0.02 0.90 ± 0.01 
 
Figure 1. SEM-BSI of WC-Co coating on 304L stainless 
steel showing: (Co) (dark), WC (white) and medium 
stainless steel substrate. 
 
Figure 2. SEM-BSI of WC-Co coating on commercial 
aluminium showing: (Co) (dark), WC (medium light) 
and W2C (light). 
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Tungsten carbide based cermet coatings with metallic 
cobalt binder has many applications because of its high 
surface hardness and excellent wear resistance
1
. Residual 
stresses are inherent to many inhomogeneous materials 
or structural components, and are mostly produced 
during the fabrication due to cooling from an elevated 
temperature to the room temperature
2
. The main 
objective of the present study is to measure the residual 
stress values in thermal sprayed WC-Co coatings, as well 
as the stress relaxation after cutting by wire electric 
discharge machining (EDM). Previous work had 
compared the hardness, phases and abrasion wear 
resistance found in the coatings
 3, 4
. 
 
Four substrates, size 75x25x9mm were used in this study 
were: brass, super-invar, 304L stainless steel and 
commercial grade aluminium. These were coated with 
WC-Co using a High Velocity Oxygen Fuel System 
(HVOF). After metallographic preparation, the 
microstructures of the coatings were characterized by 
scanning electron microscopy (SEM), using back-
scattered electron imaging (BSE) and energy dispersive 
X-ray analysis (EDS). The residual stresses on the 
coatings were measured by means of X-ray diffraction 
using Co-Kα radiation. The strains in the sample were 
measured using the {112} reflection of WC for peak 2θ 
= 123.59
o
. 
 
The coatings show a typical microstructure of a WC-Co 
alloy but varying porosities (Fig.1). EDX analysis 
confirmed the composition of the coatings to be W, C 
and Co. Figure 2 shows a graph of the measured values 
for residual stresses. It can be shown that the residual 
stress for the WC phase at the measured position were 
compressive however a noticeable difference between 
samples. Table 1 shows the results of the residual 
stresses after the large coated samples were cut into 
smaller sizes using wire EDM. 
 
The compressive stress in the coated aluminium and 
304L stainless steel increased despite change the sample 
measuring position might due to effect of cooling rate 
after thermal sprayed. The decreases in residual stress of 
coated super-invar with respect to measuring position is a 
result of the larger grain size despite the lower surface 
roughness. The coated brass showed a distinct difference 
in the results taken on the surface, which might be as a 
result of texturing effect observed on its surface during 
measurement. After cutting the samples to promote stress 
relaxation by wire-EDM (Table1), there was little stress 
relaxation in the coated aluminium, brass, and super-
invar samples which are still useful during the service. 
However, more stress relaxation was observed in the 
coated 304L stainless steel, and changed to tensile stress. 
A possible explanation for this behaviour is that melting 
is the primary material removal mechanism during EDM 
machining of the sample. Thus, upon solidification, 
considerable thermal residual stress was induced on the 
surface layer. 
 
Studies of the four samples show that the residual stress 
is affected by porosity, grain size, and textured effect on 
the coatings.  
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Fig. 1. SEM/BSE images of WC-Co coating in (a) 304L 
stainless steel substrate (b) Brass substrate. 
 
Fig. 2. Residual stresses taken at three differ. positions. 
 
Table 1. Measured residual stresses for WC coatings  
Coated substrate Stress before 
cutting (MPa) 
Stress after 
cutting (MPa) 
Aluminium -183.6 ± 47.4 -153.8 ± 42.9 
304L stainless steel -70.7 ± 48.8 -151 ± 38.0 
Brass -224 ± 43.1 -79.2 ± 35.4 
Super-invar -152.4 ± 57.0 -139 ± 37.9 
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Tungsten carbide based cermet coatings with metallic 
cobalt binders are widely used for cutting tools. They are 
known for their exceptional combination of toughness 
and hardness. However, severe cutting conditions 
produce high temperatures and the stresses produce 
plastic deformation of the cutting tool
1
. Therefore, a 
better knowledge of the material behaviour at high 
temperature is therefore needed to improve the quality of 
the cutting tools. The main objective of the present study 
was to systematically investigate the residual stress in 
systems of thin WC-Co coatings on substrates that had 
different coefficients of thermal expansion (CTE) to the 
coating. This was conducted on the reference grit-
blasted, as-sprayed WC-Co coatings and their annealed 
counterparts to ascertain whether heat-treatment was 
beneficial for stress relaxation/alteration procedure. 
Previous work had compared the microstructural 
characteristics and abrasion wear resistance found in the 
the as-sprayed coatings
 2, 3
. 
 
WC-Co coatings of about 200μm were deposited by 
TAFA JP500 High Velocity Oxygen Fuel System 
(HVOF) technique on brass substrates of size 25 x 25 x 6 
mm
2
. The grit-blasted and as-sprayed brass sample were 
heat-treated at 375°C for one hour in an argon 
enviroment. This annealing temperature was selected as  
40% of the melting temperature of the substrate material. 
After standard  metallographic preparation, the effect of 
annealing on the microstructures was characterized by 
scanning electron microscopy, using backscattered 
electron imaging with EDX, phase identification by X-
ray diffraction (XRD) using Cu radiation, and Vicker`s 
hardness for macrohardness. The residual stresses in the 
coatings were determined by means of the neutron stress 
diffractometer Kowari (ANSTO, Australia). Two 
approaches were used to measure residual stress in 
coating; Direct measurement (experimental) and indirect 
measurement (utilizing stress balance principle from the 
substrate stress profile).  
 
The cross sectional microstructure of the coatings 
showed a typical microstructure of a WC-Co alloy but 
with varying porosities (Fig.1(a)). Typical characteristics 
were the lamellar structure, pores, rounded WC particles 
and distinct differences in the WC carbide grain size. 
After annealing (Fig.1(b)), the microstructure become 
more homogeneous.  A noticeable reduction of pores, 
grain size and macrohardness was found. The EDX 
results indicated that both the as-sprayed and heat-treated 
coatings were composed of W, C, and Co. In addition, 
localised microcracking was found in the cross section of 
the annealed sample. These microcracks might have 
occurred as a result of both thermal expansion mismatch 
between the substrate and coating; from the thermal 
stresses generated during cooling and formation of the 
coating. Comparison of the as-sprayed and annealed 
coated samples showed that no new phases were 
produced, but that the Co peaks became more 
pronounced, while all the WC peaks became sharper. 
This could be due to diffusion equilibrating the different 
cell sizes, and reduction in stress. The residual stresses in 
the WC phase coating (Table 1) determined under the 
different conditions were compressive, but quite 
different. There was good agreement between the two 
methods.  
 
The stress in the as-sprayed brass substrate was 
moderately compressive. The homogenous micro-
structure of the coating influenced the residual stresses, 
including the distribution of microstructural defects, 
particularly pores and microcracks. The surface 
hardening, from grit-blasting might also influence the 
residual stress. After heat treatment, larger compressive 
values demonstrated the effect of temperature on the 
coefficient of thermal expansion of the substrate. 
 
Studies of the brass samples to date showed more 
compressive stresses, as well as decreased grain size, 
hardness and porosity after heat-treatment. The residual 
stress was affected by the coating`s microstructure and 
coefficient of thermal expansion of coating
4
. 
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Table 1. Residual stresses of WC coatings.  
Substrate/Condition Stress, MPa, 
experimental 
Stress, MPa 
indirect 
Brass  / as-sprayed -44 ± 107 -47 ± 48 
Brass  / annealed -367 ± 86 -339 ± 27 
 
  
Fig. 1. SEM/BSE images of WC-Co coating on brass 
sample:  (a) As-sprayed, (b) Annealed coating, showing 
WC grains (light), cobalt binder (grey), and  black pores. 
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